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ABSTRACT

The Energy and Environmental Research Center (EERC) in Grand Fork:, Morth
Dakota is administering the research on the Transport Reactor Development Unit
(TRDU) optimization project. This endeavor is sponsored by the Department of Energy,
and it has an ultimate goal to justify the transition to a scaled-up version of the TRDU.
The focus of this research was to kinetically model char gasification in the TRDU,
which will help define control parameters and optimize production. Kinetic parameters
of char were determined with the use of Thermogravimetry (TGA). TGA is a thermal
analysis and involves studying the change in the mass of the reacting species versus time.
A North Dakota Freedom lignite coal was used in this study. Freedom lignite is
abundant, economical to gasify in North Dakota, and easier to gasify than coals with a
higher fixed carbon content. The results show that at least 20 percent of the Freedom
lignite is gasified at 815°C, 1 35 psig, six percent steam concentration, and a 45 second
solids residence time of a single recycle pass in the transport reactor.
Previous analysis of TGA data by others assumed gasification was only
dependent on fractional carbon conversion. Re-analysis of the TGA raw data showed
that gasification depends on steam concentration as well, and not solely on fractional
carbon conversion. No order dependence was observed for the other gases present (CO,
CO2 , H2 , CH4 ). The TGA data only spans a range of steam concentrations up to an
equivalent TRDU steam concentration of six percent.

The TRDU operates at

concentrations as high as 17 percent. Therefore, research on higher steam concentrations,
representative of conditions in the TRDU, is necessary to obtain a more accurate model.

CHAPTER I

INTRODUCTION
Thesis Statement
The focus of this thesis is to model the fraction of carbon converted by
gasification in a transport coal gasifier. Gasification is the process of converting carbon
containing material into combustible light gases, condensable vapor, and tars in a
controlled deficiency of oxygen.1 A transport coal gasifier recycles fluidized solid
material, while passing gas and product gas pass through the gasifier only once.
Coal Composition
C^al is a heterogeneous combination of organic and inorganic matter.

The

moisture, carbon, volatile matter, trace elements, and ash content of every coal is very
different. North Dakota Freedom lignite coal is used in this study (Figure 1.1). Freedom
lignite is abundant, economical to gasify in North Dakota, and easier to gasify than coals
with a higher fixed carbon content.
Environmental Concerns of Energy Production from Coal
Coal has a reputation of being a very dirty fuel.

During the winter in

underdeveloped countries, soot clouds from household coal heaters can blanket entire
cities at dangerous levels. These countries do not give proper consideration to emissions
reduction.

1

2

5-15% Volatiles

40-45% Char

(Hydrocarbons)
(Carbon Oxides)
(N and S Compounds) I

(-90% Carbon)
(-10% N, S. O. H)

1 0 - 1 5 % A sh

< 1% Trace
Elements

35-40% Moisture

Figure 1.1. North Dakota Freedom Lignite Coal Composition
Concerns about the use of coal as a fuel are the large amount of NOx, SOx, and
particulate emissions that contribute to air pollution.2 Coal gasification is more efficient
than direct coal-firing. This reduces the total volume of product gas, which makes coal a
cleaner burning fuel.

The gasification process uses substoichiometric oxygen, which

produces the reduced form of nitrogen and sulfur. The reduced form can be removed
with the use of solid sorbent materials.
History of the United States’ Energy Sources
Currently, the United States obtains 41 percent of its energy from domestic
natural

gas

reservoirs

and

potentially

unreliable

foreign

oil

suppliers3

(Figure 1.2 and 1.3). At the current rate of consumption of natural gas, all of the knwon
reserves in the United States will be used up within half a century.3
Past foreign relations with oil producing countries have been volatile. Oil crises
have developed from this unsteady state. An oil crisis substantially raises demand on

3

Figure 1.2. Current Energy Consumption of the United States’ by Source (yr. 2000)3

Figure 1.3. History of the United States Energy Consumption by Source3
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other energy sources causing economic instability. A short-term solution for this is to
reduce energy consumption (perhaps by raising the price of energy), or dip into the
national oil reserves. Another solution would be to increase the production of energy.
Potential of Coal Gasification

•

There is a need for reassurance that energy supplies will meet future demand.
National needs for a sure source of energy, and environmental concerns for cleaner
burning fuels motivates funding towards the research and development of new sources of
energy. Development of economical coal gasification plants could replace the energy
that is imported. Then an embargo would not endanger electric generation in the United
States.
The coal gasification industry in the United States has proven to be uneconomical.
Plans for numerous plants that were developed during high oil prices in the 1970’s were
quickly shelved with the return of lower oil and gas prices. However, when oil and gas
prices rise, coal gasification can be profitable.
Current predictions show that there is enough energy that can be produced from
c o j'

that will support the world with energy for 200 years.3

Developing more

commercial gasification plants can extend the life of the dwindling natural gas reservoirs.
This study aids in the development of new gasification technology, which is necessary to
make coal gasification a more economical source of energy.

C H A P T E R II

BACKGROUND
Issues Concerning Coal as a Source of Fuel
Some concerns about the use of coal as a fuel is the large amount of NOx, SOx,
and particulate emissions that contribute to air pollution. The gasification process uses
substoichiometric oxygen, which produces the reduced form of nitrogen and sulfur. The
reduced form can be easily removed with the use of solid sorbent materials.'
Integrated coal gasification combined cycle (IGCC) electric generation plants are
45 percent efficient, while electricity production from coal using conventional systems is
35 percent efficient.4

A challenge for gasification is that the capital costs are

considerably higher than direct coal-firing. Coal-fired power will produce energy at a
lower cost, until “new technology” increasing coal gasification efficiency is developed.
Process of Coal Gasification
“There are usually two steps to most coal gasification processes. The first step,
devolatilization, through heating of the coal, produces a low calorific value (LCV) gas
and char.

The second step, gasification, reacts the hot char with substoichiometric

oxygen (supplied as either air or pure oxygen), and frequently with steam, producing an
LCV or medium calorific value (MCV) gas, which can be cleaned or further upgraded to
a high calorific value (HCV) product”.1

5

6

Coal gasification is an endothermic reaction. Some of the carbon in the char is
combusted to CO: to provide enough energy for the gasification reactions. When air is
the source of oxygen, the large amount of nitrogen in the air dilutes the product gas. This
product gas has a LCV of 90-160 Btu7scf. When pure oxygen is used the product gas has
a MCV of 275-350 Btu/scf. Methane gas (natural gas) has a HCV of 900-1000 Btu/scf.
The coal gasifier modeled in this study, the Transport Reactor Development Unit
(TRDU), produces a LCV gas. A scaled up version would use pure oxygen and produce
a MCV gas. The MCV gas can be methanated to produce a HCV gas.
Commercial Scale Coal Gasification
There are recently developed, highly efficient integrated gasification combined
cycle (IGCC) processes. IGCC produces a hydrogen and carbon monoxide mixture that
is burned and run directly through gas turbines to produce electricity.

The plants in

operation are environmentally sound. High-sulfur coals can be used, 3 percent sulfur
content, with 97 percent removal.5
The Dakota Gasification Company (DGC) in Beulah, North Dakota operates the
only successful commercial coal-to-synthetic natural gas (SNG) plant.

The DGC

operates 14 Lurgi gasifiers to produce 158 million scf/day of synthetic natural gas
(equivalent to 25,000 barrels of oil) from 17,000 tons of North Dakota Freedom lignite
coal.6 The DGC plant currently accounts for 0.07 percent of the United States energy
supply.

7

Pilot Scale Coal Gasification
Freedom lignite is one of the coals used as a fuel in the TRDU. Freedom lignite
coal, from western North Dakota, is an ideal fuel for the TRDU coal gasifier, which is
located at the Energy and Environmental Research Center (EERC) in Grand Forks, North
Dakota. There are vast deposits of lignite in North Dakota, close to the surface, so that
the low cost of mining and transportation allows lignite to be a competitive source of
energy. This low mining and transportation cost is enough to offset the high capital cost
of gasification.
There are large deposits of lignite in the Northern Great Plains and Gulf Province
fields, abundant subbituminus deposits in the Powder River Basin, and bituminous coal
deposits in the Eastern Interior and Appalacean Fields. These reservoirs are expected to
play an important role’in the future energy supply.'
Quality Comparison of Different Coals
Anthracite is a high quality coal, while peat is considered a low quality coal
(Table 2.1). Some coals can be economical to gasify with special consideration. In the
case of using lignite as a fuel in the TRDU, it is necessary that the coal is low cost and
nearby (low transportation cost).
Table 2.1. Quality Comparison of Different Coals
Coal
Type

Moisture
Content

P eat

Very

L ig n ite

H ig h (-40% )
H ig h
L ow

S u b b itu m in o u s
B itu m in o u s
A n th r a c ite

H ig h

V ery L ow

Carbon
Content
Very L o w

Energy per
Unit Volume
Very L o w

L o w (-40% ) L o w
L ow
L ow
H ig h
V e r y H ig h

High
Very H ig h

Is it Economical
to Gasify?

Ease of
Gasification
Good
Good
Good

Possibly

D iff ic u lt

P o s s ib ly

Very Difficult

No

Y es
Y es
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When lignite is used as a fuel the amount of energy used to heat the moisture in
the coal is lost, unless some of the latent heat can be recovered. There are two factors
that make lignite an “unattractive” fuel, when compared to bituminous and
subbituminous coal. There is more energy lost to the vaporizing of the water in lignite,
and the other is that the amount of energy per pound is lower.
Lignite gasifies faster than bituminous and subbituminous and so it can be
gasified at lower temperatures. Operating at lower temperatures is more efficient, and so
it is a desirable operating condition for the TRDU.
Benefits of Gasifying Biomass
One of the most talked about aspects of biomass energy is its ability to produce
less new carbon dioxide per unit of energy delivered than fossil-based systems. Biomass
refers to any organic compound. Biomass usually has a high moisture and low carbon
content. New opportunities for biomass fuel are: gas from gasification of municipal solid
waste, rice, nut shelling, forest clearing, peat, bagasse (sugar cane waste), manure, gin
trash, and other waste.

o

Biomass is the only renewable energy source that causes damage if it is not
consumed. Unattended, it causes forest fires, damages streams, and damages farmland.
Animal waste and plant residues are an environmental threat. When animals are in large
numbers the manure can cause damage to nearby water and the aquatic life. Currently 60
million tons of manure and 2,500 million tons of forest and agricultural residues are
produced each year in the United States. “The waste is dumped, burned, or transported to
a landfill, while if even a small fraction of the waste were converted to power, would

9

yield lens of thousands of megawatts” (which is only 0.0007% of the U.S. energy
demand).9
Removal and transportation of biomass is expensive.

If biomass could be

consumed in small local power plants the transportation costs would be minimal. The
problem is that dependable, low cost, small, biomass powered plants have not been
available.9,10
Commercial and Pilot Scale Biomass Gasification Plants
Finland uses fluidized bed combustion with a backpressure steam cycle for
district heat or electricity production. This technology is the most common in Finland
since they use peat and wood biomass for fuels. A bubbling fluidized bed (BFB) is the
best process for peat and wood biomass fuels, while a circulating fluidized bed
(transport reactor) is best for the same process with coal as a back up fuel.11,12
New technologies are emerging which would favor small biomass power plants.
The new technologies are fuel cells and Microturbines. Microturbines have two to three
moving parts, operate at low temperatures, require no lubricating oil, and can run as stand
alone units.9 Microturbines can be placed in locations that were previously thought too
small for electric generation.
There is a need for a separate unit that compresses the fuel before it enters the
Microturbine. Since the heating value of biomass is less than one half of natural gas,
there is a major problem with the large compression units that are needed. Microturbines
are still in the developmental phase and they require a catalytic combustor, which is

10

under development, in order to use atmospheric biomass syngas.9 Syngas is the term
given to the product gas from the gasi 'ication process.
Issues Conci ning Biomass Gasification
Consistently low electricity p ces are putting some of the current biomass plants
out of business. It is a global concc:

to develop a more economical method to generate

electricity from biomass waste. Wh n low-cost natural gas is available it is difficult for
biomass energy to be a competitive, approach.
Currently the price of natural gas is high.3 If natural gas prices remain at its
present level, coal and biomass gasification become more economical. The amount of
time to build a plant is considerable. The price of natural gas is unpredictable for the
time it takes to build a plant. If the natural gas prices returned to their lower prices within
this time, the plants built would most likely have to be shut down.
Coal Gasification versus Biomass Gasification
A major problem with the use of biomass for a fuel is that it is not concentrated
like fossil fuels are. Large amounts of biomass are spread out and need to be collected.
Sometimes a tipping fee is awarded for removal of biomass, which can serve as a source
of revenue.
Biomass typically needs to be dried to increase the efficiency of the turbine.
Cascade and rotary dryers have a high cost, are significantly complex, and use fossil
fuels, which causes them to be uneconomical for small-scaie systems.10 Also, the
technology for conversion of biomass to fuel is not as advanced as it is for coal.

11

Advantages o f coal power over biomass are; more energy per unit volume, easier

to handle and fire, more homogeneous, and it is a reliable source of energy. Advantages
of biomass power over coal are; waste is disposed, a plentiful power supply from an
indigenous resource, convenient power source for remote locations, cleaner for the
environment (including no net CO: generated), and it is renewable.
TRDTJ Pilot Plant Modeled in this Study
The Transport Reactor Development Unit (TRDU) was built in 1992 to gasify
coal (Figure 2.1).

The limiting operational parameters of the TRDU system are a

maximum design pressure of 11.2 atm (165 psia), a temperature of 1090°C (1994°F), and
a feed rate of 2.6 tons (5280 pounds) of coal per day.

Lignite coal is gasified at

temperatures below 850°C (1560 °F) to prevent agglomeration of lignite ash. The system
is pressurized to produce higher heat rates per square area of the reactor. This minimizes
the size of the hot gas clean-up system, and eliminates the need for a separate
compression unit for the gas stream to be fed into a turbine.
The TRDU gasifies coal to produce a low calorific value (LCV) gas. Pulverized
coal, air, steam, sulfur capturing sorbent, and purge nitrogen are fed into the reactor.
Product gas leaves out of the riser, while the sorbent products, ash, and unbumed char
exit from the secondary filter and lime ash purge stream (Figure 2.1). The solids that are
not removed are recycled, where some of the carbon in the char quickly combusts with
enough oxygen to maintain the gasification temperature. Gas leaving the combustion
zone is gasified in a 10 foot high annulus with a 5 inch diameter. Directly after the

12

Primary
Filter

Disengager

..............................................................................
3” Diameter {Tsolid ~1 sec} {Tgas 1-2 sec}

OUTPUT
PRODUCT
GAS
H ;0. CH4.
co:, co, n2

INPUT
Freedom lignite
{-40% carbon, -40% water,
~20% (sulfur, ash,
and other trace elements)},
and a sulfur sorbent

INPUT
Purge N2
This is an input
that is injected
Ithroughout the TRDU

Tsolid is the average residence time o f the recycled solids
Tgas

is the average residence time o f the gas

Figure 2.1. TRDU Process Flow Diagram
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gasification zone, new coal and sorbent are added.

It is believed that a substantial

amount of volatiles in the coal are gasified quickly, which produces carbon-based gases
and contributes to the product gas in an unknown quantity. Carbon from the volatiles
accounts for the greatest amount of uncertainty when tracking carbon through inputs,
outputs, combustion, and gasification.
The pilot scale TRDU is being continuously improved in hopes of justifying a
scaled up version of the transport gasifier.

Modeling of the TRDU will help define

control parameters and optimize production, which will help in bringing about the
development of a commercial scale transport reactor.

A successful completion of the

TRDU project means that coal gasification power plants will be much closer to a
technologically and economically feasible source of energy on a commercial scale.
Dr. Michael Swanson is the Senior Research Manager of the TRDU optimization
project at the Energy and Environmental Research Center (EERC) in Grand Forks, North
Dakota.

The TRDU optimization project is sponsored mainly by the Department of

Energy (DOE), and its goal is to justify a scaled up version of the transport reactor.
The DOE would like to know if the TRDU is in fact a gasifier. The alternative is
that the TRDU could be a partial oxidation combustion reactor. This thesis will show,
with conservative modeling, that steam gasification does occur at a level large enough to
consider the TRDU a coal gasification transport reactor.

C H A PT E R III

MASS AND ENERGY BALANCES
Mass Balance
At the Energy and Environmental Research Center (EERC) in Grand Forks, North
Dakota, Dr. Everett Sondreal developed a kinetic model of the TRDU using Lotus 1-2-3.
Dr. Sondreal’s Lotus 1-2-3 spreadsheet performs a variety of calculations. A fundamental
purpose of the spreadsheet is to take raw TRDU data and adjust several stream flow rates
and compositions to close the total mass balance and a number of component mass
balances, since mass is conserved. This spreadsheet uses experimental data to determine
the composition of all the streams (with the exception of the measured dry product gas
composition). There are many different species that can be considered for adjustment to
close the mass balance (Table 3.1).
Table 3.1. Species Considered in the Original Mass Balance (Everett Sondreal’s)
Chemical Formula

Stream
Input
Input
Input
Input
Input
Output
Output
Output

Coal and Sorbent
Steam
Burner Air
Mixing Air
Purge Nitrogen
Lime Ash / Char
Filter Ash / Char
Product Gas

H 20(l), CaC03(s), MgCa(C03)2(s), mafCoal(s), Ash(s)
H20(g)
02(g), N2(g)
02(g), N2(g)
N2(g)
CaO(s), CaC03(s), CaS(s), MgO(s), Char(s), Ash(s)
CaO(s), CaC03(s), CaS(s), MgO(s), Char(s), Ash(s)
H20(g). N2(g), C02(g), CO(g), H2(g). H2S(g), CH4(g)

To simplify the model, only one liquid, thirteen solids, and eight gaseous species
are considered. The elements balanced are N, H, O, S, C, Ca, and Mg, while ash is
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considered to be inert, and only affects the energy balance. Nitrogen, oxygen, carbon,
sulfur, and hydrogen are the species for which closure of the elemental mass balances is
sought. Closure of the mass balance is performed by macros that are a simple numerical
version of the Newton-Raphson iterative method.1'1 The solid sorbent products and ash
are required to leave by filtration, therefore only an equation is necessary to balance the
ash, calcium, and magnesium.
Original Procedure for Closure of the Elemental Mass Balances
Nitrogen was balanced by adjusting the nitrogen in the dry product gas, while
leaving the relative compositions of the other gas constituents the same, excluding
hydrogen. Hydrogen was balanced by adjusting the hydrogen gas in the product stream.
Oxygen was balanced by adjusting the quenched water in the product gas. Sulfur was
balanced by adjusting the value of calcium sulfide in the two ash streams. Conversion of
carbon was adjusted to close the carbon balance, which adjusts the amount of unbumed
char (-90% cabon) leaving in the ash streams. The spreadsheet calculated the percent
difference of the eight stream flow rates from their original values.
Improvement of the Spreadsheet and Mass Balance
Modification of the Spreadsheet to Make it More User-friendly
The first objective was to make Dr. Sondreal’s model more user-friendly. The
original model required a vast amount of time and effort to familiarize oneself with the
spreadsheet in order to perform the calculations, understand how the spreadsheet is
calculating the results, and to make modifications to the spreadsheet. To solve these
problems the following were added: a more extensive instruction manual, an assumption
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section with more details of how the model performs calculations, and a trouble shooting
section (Appendix A).
The original spreadsheet required manual input of the raw data from another
spreadsheet. The new spreadsheet contains a raw data section, so multiple runs can be
performed simultaneously. The improved spreadsheet recognizes separate sets of raw
data, performs the calculations, records the results in a compact table format, and repeats
this until all of the TRDU experiments inserted into the spreadsheet are evaluated.
Species Added
There are two additional solid species in the ash added to the new model, which
are CaS(S),ASh and NaS(S).Ash- It is believed that if the ash contains a large amount of
calcium, or sodium, then it has the ability to capture sulfur.
Smoothing of Raw Data
Working with TRDU raw data requires smoothing of the flow rate of the lime ash
stream. There are cases when a set of raw data reports a flow rate of zero for the lime ash
stream. This is not true, because lime ash accumulates in the Jpleg continuously. The
reason for this zero reading is because the hardware used to remove lime ash operates
only part of the time (whenever the pressure drop across the recycle bed is too high).
There may be a steady state period that requires no removal of lime ash, or a value that is
not representative of that particular run. To make the raw data more accurate, one can
manually smooth the lime ash data by combining values from other runs and calculating
the average.

Special attention is required for this calculation, since every TRDU

experiment is not necessarily related to the next. For example, if the TRDU is shut down
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for a day, or the inlet gases are adjusted, then these two consecutive steady state periods
are not related in lime ash purge stream flow rates. Parameters to consider for smoothing
of the lime ash stream flow rate are: temperature, flow rates, time, day, using consecutive
runs, sorbent used, and other variables significantly affecting the carbon composition in
the lime ash stream.
Difficulty with the Mass Balance
The original spreadsheet calculated the percent difference of the balanced
adjusted stream flow rates from their original values. The new spreadsheet contains a
section that calculates the percent difference of the flow rate of each species in each
stream, the stream enthalpies, and the total mass and elemental balances of N, H, 0 , S, C,
Ca, and Mg. The elemental balances arc inventories of the N, H, O, S, C, Ca, and Mg in
all of the streams. The sum of the inputs minus the sum of the outputs determines the
mass and elemental balance closures.
It was discovered that the hydrogen in the product gas was being adjusted
unreasonably. The new model does not completely conserve mass, because balancing of
the hydrogen has been unsuccessful. To determine which streams and compositions are
valid to adjust, it is important to understand which raw data values are well known, how
streams relate to each other, and how much adjustment is reasonable. An oxygen balance
was performed on the inlet air flow rate, while the outlet water flow rate was adjusted to
close the hydrogen balance.

Balancing the oxygen on the air severely affected the

nitrogen balance, which resulted in a 40 percent error of the nitrogen product flow rate
from its original value.

k
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Balancing of the hydrogen on the input water and oxygen on the output water
showed that the spreadsheet does not recognize these as independent streams. In the
spreadsheet, balancing of the nitrogen is performed on the dry product gas. This causes
the model to recognize the output water and the dry product gas as separate streams.
Balancing the nitrogen on the wet product gas resulted in poor convergence. Poor
i

convergence is defined as a deviation of more than ten percent from the original value.
The quenched water is measured in a different fashion than the dry product gas. It is
considered that the quenched water value is not well known, so a percent error greater
than ten percent from adjusting this value is acceptable.
A variety of scenerios were checked to find out if hydrogen could realistically be
balanced in the model. The results showed that one or more species were being adjusted
unreasonably.

By removing the hydrogen balance the percent error of the elemental

hydrogen closure is as high as five percent, and the total mass closure is within ± ( 1
percent error. Another option was to balance hydrogen and leave oxygen unbalanced.
The percent error of the elemental oxygen closure is as high as five percent, and the total
mass closure is within ± 5 percent error. By choosing not to balance hydrogen the total
mass balance closure is within ± 0.1 percent error. The next section explains in detail
which

parameters

(except hydrogen).

were

adjusted

to close

each

individual

elemental

balance
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Procedure of the Improved Mass Balance Closure
The flow rates of the TRDU inlet and outlet streams arc not all measured in the
same way. Some streams are measured more accurately than others. The dry product gas
composition is considered to be the most accurate measurement. The Lime Ash / Char
stream flow rate is considered to be the least accurate measurement. The most accurate
measurements remain fixed when performing the mass balance. Some measurements are
related to each other, and cannot be modified if the other is modified.
Balancing of Nitrogen in the TRDU Gasifier
Nitrogen is balanced by adjusting the total dry product gas flow rate, while leaving the
relative compositions of the gas constituents the same (Figure 3.1). The change in the
dry product gas and product nitrogen is within five percent error in mass. The change in
the quenched water is within 22 percent error in mass. It is believed that the dry product
gas flow rate is accurately measured, within five percent error in moles. In order to close
the nitrogen and oxygen balance on the wet product gas, an error of five percent in mass
is acceptable. A 22 percent error in the adjustment of the quenched water is undesirable.
Continuing research may explain the large error in this adjustment.
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{Based on the Carbon Balance)
{Accurately Measured)
Burner and
Mixing Air
(N2(g))

Nitrogen Purge
<N2(g))

Figure 3.1. N itrogen Inventory in the T R D U G asifier

Filter and Lime
Ash Streams
{—80-90% in Filter Ash Stream)
{Char, (%N))
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Balancing of Hydrogen in the TRDU Gasifier
The improved spreadsheet does not completely conserve mass.
balancing of hydrogen has proven to be unsuccessful (Figure 3.2).

Currently the
The elemental

hydrogen balance is within five percent error, which is within the tolerance of the
measuring instruments. The total mass closure is within ± 0.1 percent error.

(Based on the Oxygen Balance)
Product Gas
(Quenched H20(l))

Dry Product Gas
(112(g). H2S(g). CH4(g))

Figure 3.2. H ydrogen Inventory in the T R D U G asifier
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Balancing of Oxygen in the TRDU Gasifier
The oxygen is balanced by adjusting the quenched water flow rate from the wet
product gas, which is the same technique as the original mass balance (Figure 3.3). This
adjustment was a maximum of 22 percent, although most of the Freedom lignite
experiments were between 3 to 12 percent. The quenched water value is not a precise
measurement, but its accuracy is within 22 percent.

(Accuiatcly Measured}

{Based on the Oxygen Balance)

Burner and

Product Gas

Figure 3.3. O xygen Inventory in the T R D U G asifier
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Balancing of Sulfur in the TRDU Gasifier
The balancing of sulfur is straightforward, since it is well known where the sulfur
originates and how it leaves the TRDU. The sulfur enters with the coal and leaves as:
fySfg) in the product gas, the sorbent product CaS(S), sulfur in the char that the filters
remove, and sulfur attached to the Na and Ca in the ash (Figure 3.4).

Equation 3.1

calculates the percent sulfur removal (%SR). The sorbent used in the TRDU removes
85-90 percent of the sulfur in the Freedom lignite coal.

%SR = [(Coals in)moi-(H 2S out)mo|-(C hars out)moi-(A shs out)moi] / [(Coals in)moi] (3.1)

(Calculated}
Filter and Lime
Ash Streams
{—70-80% in Filter Ash Stream!
(CaS(s))

Filter and Lime
Ash Streams
(-80-90% in Filter Ash Stream)
(Ash, (Na/Ca))

F igure 3.4. Sulfur Inventory in the T R D U G asifier
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Balancing of Carbon in the TRDU Gasifier
The carbon is balanced by adjusting the flow rates of the ash streams, which is the
same technique as the original mass balance. Carbon conversion is the amount of carbon
leaving in the product gas divided by the amount of carbon entering with the sorbent and
coal (which is the percent carbon in the moisture & ash-free coal (mafCoal)). The carbon
converted is directly related to the amount of char (-90% carbon) leaving in the ash
streams. The composition of the ash streams are well known, although the ash flow rates
are not. Equation 3.2 calculates the flow rate of char (#char) leaving in the ash streams
(Figure 3.5). The TRDU operational parameters convert 75-85 percent of the carbon in
the Freedom lignite.

(1 - % Carbon Conversion) •(pounds of mafCoal in) •(% Carbon in mafCoal)
#Char = -------------------------------------------------------------------------------------------- (3.2)
(% Carbon in the Char)

{Based on the Carbon Balance)
Filter and Lime

Dry Product Gas
(C02(g), CO(g), CH4(g))

Figure 3.5. C arbon Inventory in the T R D U G asifier
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Balancing of Calcium. Magnesium, and Ash in the TRDU Gasifier
The solid sorbent products and ash are required to leave by filtration
(Figure 3.6-3.8). Ash is considered to be inert, and only affects the energy balance. “All
of the excess CaC0 3 (S) is not necessarily calcinated into CaCO(s) and CO:(g).

The

calcination of CaCOj(S) depends on which sulfur sorbent is used, limestone or dolomite.
All of the Mg from the MgCa(C0 3 )2(S) is assumed to convert to MgO(S)”.14

The

partitioning of the sorbent products, char, and ash that leave through the filter ash and
lime ash streams is determined by analysis of the filter streams.

(Calculated)

(Accurately Measured)

Filter and Lime
Ash Streams
(-70-80% in Filter Ash Stream)

Sorbent (Dolomite)
(MgCa(C03)2(s))

(Accurately Measured)
Sorbent (Limestone)
(CaC03(s))
(-70-80% in Filter Ash Stream)
(-15-35% remains CaC03, mol)
(CaC03(s))

Figure 3.6. C alcium Inventory in the T R D U G asifier
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{Accurately Measured!
Sorbent (Dolomite)
(MgCa(C03)2(s))

Figure 3.7. Magnesium Inventory in the TRDU Gasifier

{Accurately Measured)
Coal
(Ash(s))

Figure 3.8. Ash Inventory in the TRDU Gasifier
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Energy Balance
An energy balance around the combustion zone determines the amount of carbon
required to maintain gasification temperatures. In addition, the spreadsheet calculates the
heat loss through the walls of the TRDU.

The difference in the input and output

enthalpies is equal to the heat loss (Equation 3.3). A heat loss means that the enthalpy
leaving the TRDU will be less than the enthalpy entering.
Most of the energy entering the TRDU is from the moisture & ash-free coal
(mafCoal).

A standard practice is to base the percent heat loss (%HL) on the lower

heating value (LHVmaf) of the mafCoal. The %HL is equal to the heat loss divided by the
LHVmaf, based on one pound of mafCoal (Equation 3.3). The spreadsheet calculates a
6-7 %HL for the TRDU.

It is believed that the actual %HL of the TRDU is 10-14

percent. Continuing research may explain the large difference in the calculated percent
heat loss.

%HL = [(Sum of Stream Enthalpies)inpu,-(Sum of Stream Enthalpies)0utPut] / LHVniaf (3.3)
Scaling Up of the TRDU
Approximately thirty percent of the potential energy in Freedom lignite is used to
heat the inert nitrogen in the TRDU. The nitrogen that enters the TRDU is from the air
and large flow rates of purge nitrogen that circulate the char. The energy used to heat the
nitrogen will not be lost in a scaled up version of the transport gasifier, which uses pure
oxygen (instead of air) and hot flue gas to fluidize the char. In addition, a commercial
scale gasifier has less than one percent heat loss through the walls.

C H A P T E R IV

ESTIMATION OF THE REACTION RATE OF CHAR
Mechanisms of Coal Gasification
Coal gasification is an endothermic reaction that occurs in an anaerobic
environment. When coal is gasified, only enough oxygen is added (to bum with carbon
in the char) to supply the necessary energy for the gasification reactions. Three of the
four major gasification reactions are heterogeneous. They are the reaction of carbon with
steam, carbon with carbon dioxide, and carbon with hydrogen. The remaining reaction is
homogenous and it is the reaction of steam and carbon monoxide (Table 4.1).
Table 4.1. Model Reactions for Gasification and Lignite Reaction Rate Parameters
Model Reactions
1.
2.
3.
4.
5.

xC+y02
H20 + C
C 02 + C
2H2 + C
h 2o + CO

-*
—
—
*~

Process
z C 0 2 + dC0**
CO + H:
2CO
CH4
C 02+ h 2

Combustion
Steam-Gasification
Boudart*”*
Hydro-Gasification
Water-Gas Shift

Lignite Reaction Rate Parameters’
A
E (cal/mol)
3.51(106)
8.10( 102)
5.25( 102)
6.11(1 O'j
3.23(107)

2.18(104)
3.51(104)
5.91( 104)
1.92(104)
1.18(104)

The reaction rate parameters in this table were obtained from two UND ChC Theses by Hossain (1995) and Carpenter (1993).
••
•••
x = z + d, y = z + d/2
The Boudart reaction is the difference between reactions 2 and 5. therefore it is net independent.

The gasification reactions are not trivial, and along with the variability of coal
composition, causes the understanding of the gasification process to be quite difficult.
Gasification of lignite can be simplified by comparing the reaction rate constants, k, for
the five reactions of interest (Table 4.2). The reaction rate is directly proportional to the
reaction rate constant, which is dependent on temperature.
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Table 4.2. Reaction Rate Constants for Combustion and Gasification of Lignite Coal
Reaction rate constant, k - A • exp(-E/RT),
values for temperature ranges of the TRDU’
Model Reactions_________________ Process____________ 815 °C
1.
2.
3.
4.
5.

xC + yO :
H-.0 + C
CO: + C
2H: + C
H ;0 + CO

-* z CO: + d CO“
— CO + H:
— 2CO
~ CH4
~ CO; + H:

Combustion
Steam-Gasification
Boudart"*
Hydro-Gasification
Water-Gas Shift

1.5 (10;)
7.2 (10'5)
7.0(1 O'10)
8.5(10'7)
1.4 (105)

850 °C

900 °C

2.0 (102)
1.2 (10“*)
1.7(10'9)
1.1 (10**)
1,6 (IQ5)

3.0 (102)
2 .3 (1 0 “')
5.1 (10'9)
1.6 (10“6)
2.0 (10s)

955 ° C ___
4.6 (10:)
4.6(1 O'4)
1.6(1 O'")
2.3(10'6)
2.6 (105)

•

The reaction rate parameters in this table were obtained from two UND ChE Theses by Hossain (1995) and Carpenter (1993).
x * z + d, y = z + d/2

The Boudart reaction is the difference between reactions 2 and 5.

The rate that the combustion and water-gas shift reactions proceed is more than a
million times faster than the other three heterogeneous carbon reactions (Table 4.2). It is
considered that combustion occurs quickly and is irreversible. For the purpose of this
thesis it is assumed that combustion is the dominant reaction (relative to steamgasification) until all of the oxygen is consumed. The water-gas shift reaction is assumed
to be at equilibrium at all times.
The goal of modeling the TRDU was to determine the amount of carbon
consumed by gasification. Nearly one hundred percent of coal gasification occurs with
the steam-gasification reaction (Table 4.2).

Steam-gasification is approximately 100

times faster than the Boudart and hydro-gasification reactions combined. Considering
this, only the steam-gasification, water-gas shift, and the combustion reactions were
considered in the TRDU kinetic model.
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Definition of the Kinetic Rate Law
In a chemical reaction the limiting reactant is usually chosen as the basis for
calculation. In the TRDU model it is considered that the steam is the limiting reactant in
steam-gasification. Steam and carbon get consumed as a result of the steam-gasification
reaction (Equation 4,1). The rate of disappearance of steam and carbon depend on the
temperature and initial concentrations of steam and carbon (Equation 4.2).
For most reactions the reaction rate, r, can be written as the product of a reaction
rate constant, k, and as a function of the concentrations of the various species involved in
the reaction.

In the case of steam-gasification, the reaction rate is written for the

disappearance of steam and carbon (Equation 4.2). The algebraic equation that relates
the reaction rate, r, to the concentration of steam and carbon is called the rate law.
H20 + C

CO + H,

(4.1)
(4.2)

where,
r = reaction rate, rate law = dPn,o/dt = dCc/dt
k = reaction rate constant
PH:o = concentration of the water, psia
Cc = concentration of the carbon
n = order of the reaction with respect to water
m = order of the reaction with respect to carbon
The orders of the reaction determine the dependence of the reaction rate on the
concentrations of the species involved. The order of the reaction is almost always
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determined experimentally.

The reaction rate constant is dependent on temperature

(Equation 4.3).
k = A • exp ' (P:/RT)

(4.3)

where,
A = preexponential factor
E = activation energy, cal/mol
R = gas constant, 1.987 cal/(mol K)
T = absolute temperature, K
The expression for the reaction rate constant as a function of temperature is
known as the Arrhenius equation. This equation gives the temperature behavior of most
reaction rate constants over fairly large temperature ranges, within experimental
accuracy. This equation is named after the great Swedish chemist Arrhenius, and has
been used by countless numbers of scientists since its derivation. “The postulation of the
Arrhenius equation remains the greatest single step in chemical kinetics, and retains its
usefulness today, nearly a century later”.15
The reaction rate constant can be determined experimentally at a constant
temperature. To determine the constants A and E in the Arrhenius equation, two k values
at different temperatures are needed.

The constants A and E can be solved with a

simultaneous solution of the two equations.

Equations 4.4a and 4.4b are derived by

taking the natural log of Equation 4.3, with the insertion of the experimentally obtained
k ’s. For the sake of brevity, just the resulting equations for the constants A and E are
shown (Equations 4.4a and 4.4b).
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E = [ln(k,/k2) • R] / (1/T: - 1/T,)

(4.4a)

A = k,/exp(‘E/RT|)

(4.4b)

Kinetic Modeling of the TRDU Using Thermogravimetry (TGA)
Reaction rate data for the disappearance of carbon inside the gasification zone of
the TRDU is beneficial in predicting how much

gasification occurs. To aid in the

modeling of the TRDU mixing zone, a thermogravimetry (TGA) study was performed by
Ron Timpe and Jason Jacobsen.16 The two temperatures studied were 815°C and 955°C.
The coal used in the TGA experiments was Freedom lignite; the samples were taken
directly from the TRDU during operation by Dr. Michael Swanson.
The data obtained were reported in a thesis by Jason Jacobsen at the University of
North Dakota (UND). The raw data was re-analyzed for use in this thesis. Jacobsen’s
work involved studying the change in the weight loss of carbon in the coal versus time.
Initially, a 40-50 milligram sample of coal was heated with an inert gas to drive off
moisture and volatile matter. Then a simulated TRDU gas was passed over the sample to
react with the carbon in the coal. The last step was to pass pure oxygen over the sample
to determine if all the carbon reacted (Figure 4.1). If the weight of the sample increased
slightly when oxygen was used, then all of the carbon was consumed. This weight gain is
because the species in the ash were oxygen starved. When oxygen is available again the
species react, hence the slight increase in sample weight.
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Interpretation of the TGA Data to Model Steam-Gasification in the TRDU
Figure 4.1 shows the typical trend of the weight loss of a coal sample versus time
in a TGA run. This curve is normalized to only account for the carbon loss versus time.
This is done by truncating the initial devolatilization and drying portion, and by
subtracting the final weight of the ash (Figure 4.2).

V/cight
o f Sample

Figure 4.1. Typical Output from a TGA Experiment
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The rate that carbon is gasified in the TRDU is described by the initial portion of
the normalized TGA curve because the mean solids residence time in the gasification
zone is 45 seconds. When the TRDU is at steady state the recycle bed is assumed to
have a constant composition, based on the continuous addition of fresh coal and filtration
of solids. The recycle bed is considered to be uniform with excess carbon during the
TRDU operation, so the tail portion of Figure 4.2 does not represent the coal anywhere in
the TRDU.

This means the carbon reacting in the TRDU gasification zone can be

modeled by method of initial rates, which is represented by the tangent line in Figure 4.2.
The coal used in the TGA study is from the TRDU recycle bed during steady state.
Therefore, the coal used in the TGA experiments accurately represents the coal in the
TRDU.
Experimental Determination of the Reaction Rate of Steam-Gasification
The TGA raw data and the method of initial rates (tangent line in Figure 4.2)
compare very closely for the first 45 seconds, which is the average time the coal resides
in the TRDU gasification zone.

With the use of method of initial rates the initial

concentration of carbon is one, therefore the order of reaction for carbon in irrelevant. As
seen in Equation 4.2, if Cc is equal to one, then any value of m will not change the
reaction rate of steam-gasification.
reaction rate changes (Appendix B).

When the concentration of steam is varied the
This means that n is not equal to zero in

Equation 4.2.
r

k • P h,o n - C c

m

(4.2)
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Method of Initial Rates
The method of initial rates is simple and leaves little room for calculation error.
The tangent line drawn in Figure 4.2 is the initial reaction rate. The reaction rate is
proportional to the concentration of steam. Equations 4.5 and 4.6 translate the TGA raw
data into the reaction rate of fractional carbon conversion. The reason the reaction rate is
written for fractional carbon conversion is because it is necessary to determine how much
carbon in the coal is gasified.
H20 + C
r

CO + H2

(4.1)

= k - P H,on - Ccm = k • Ph,on - ( l ) m = k - P h V -1 = k • PH,on sd X /d t (4.5)
dX/dt = k • P h,o n

(4.6)

where,
r = reaction rate for the fractional conversion of carbon
k = reaction rate constant with respect to r
P h,o

= concentration of steam, psia

n = order or reaction with respect to steam
Cc = concentration of coal, which initially is equal to one
m = order or reaction with respect to carbon
dX/dt = fractional conversion of carbon versus time
tf = time it takes for carbon to completely react, Ax in Figure 4.2
Determination of the Reaction Order and Constant for Steam-Gasification
It is assumed that r only depends on temperature and the concentration of steam.
A plot of the reaction rate versus steam concentration determines the reaction order and

36

rate constant at a specific temperature (Figure 4.3).

A straight line through the origin

appears to represent the seven TGA data points at 815°C accurately.
r =

k • PHjOn =

k • P h,o 1 =

k • P h,o

(4.7)

where,
k = slope of the line, reaction rate constant
n = 1 = order of the reaction, and the y-intercept is equal to zero

Figure 4.3. Experimental Determination of the Order of Reaction and Constant
*T'ie'e data points were derived from raw TGA data obtained from a UND ChE Thesis by Jacobsen (2001 ).16

Omission of TGA Data
Seven of the eight TGA experiments at 815°C obtained show the order of the
steam-gasification reaction as one. The data point in question was performed with steam
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concentrations similar to three of the seven (Run #7 in Figure 4.4).

The calculated

reaction rate for Run #7 was more than double that of the other three. Figure 4.4 shows
that this data point does not follow the trend of the other seven data points at 815°C, and
is far from the 95 percent confidence limit lines (Figure 4.4 and Appendix C).
The raw data obtained reported the mass percent of the gas entering the TGA.
The assumption that the water-gas shift reaction is at equilibrium changes these initial
concentrations. If tnis assumption were false, then the steam concentration of Run #7
would be the same as Run # 1, 6, 8, and 9 (Table 4.3 and Appendix D). Figure 4.4 shows
that Run #7 is not consistent with the runs near 0.1

P h,o .

Figure 4.4. Omission of TGA Run # 7 at 815°C
Table 4.3. Omission of TGA Run # 7 at 815°C
Run

it 7

8 1 5 .5

T (°C )

R un # 9

TfC)

8 1 5 .5

2

CO

co2

H20

h

2 .1 4

0 .1 8

0 .2 3

0.8 3

4 .9 6

CO

C 02

h 2o

Hj

1.96

-.0

0 .4 5

0 .8 3

4 .9 6

W G S mol

1.96

0 .3 6

0 .0 9

1.20

4 .6 0

W G S mol

2 .1 4

0 .3 4
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A possibility for the discrepancy in Run #7 could be experimental error, human
error, or the nature of the coal sample. This particular coal sample may not have been a
representative sample compared to the other TGA runs. This is not unlikely because coal
is heterogeneous and the TGA uses extremely small samples for analysis. A possibility
that the coal sample had a high concentration of potassium would not be an unreasonable
conclusion. Potassium acts like a catalyst in coal.1 This would cause the reaction rate to
be dramatically higher than if there was a low concentration of potassium. For modeling
purposes Run #7 is omitted. This does not mean that Run #7 is in error, but rather that it
is not representative of typical results at those conditions.
Compressibility Factors of the TRDU Reacting Gas
Since the reaction rate depends on steam concentration the compressibility of
each of the gases in the TRDU must be considered. The concentration of an ideal gas is
equal to its partial pressure. The compressibility factor (Z-factor) of a gas is how a gas
compresses at a given temperature and pressure relative to an ideal gas.17 If a gas has a
Z-factor of one, then the gas behaves ideally. The TGA experiments were performed at
atmospheric pressure, where gases behave ideally. The TRDU operates at pressures up to
200 psig, so the Z-factor must be checked. The Z-factors of all the gases in the TRDU
were found to be equal to one at 815°C and 135 psig (Appendix E), so ideal gas behavior
can be assumed.
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Dependency of the Reaction Rate on Temperature
Figure 4.5 compares the reaction rate of four lignite correlations. The amount
the reaction rate of Freedom lignite increases for a 10°C increase in temperature is 12
percent at 815°C, and 9 percent at 955°C. “There is a rule of thumb that states that the
rate of reaction doubles for every 10°C increase in temperature”.15 An increase of 9 and
12 percent is quite different than an increase of 100 percent, which demonstrates that this
“rule of thumb” does not correspond to the gasification of lignite in the TRDU.

................. K n u ts o n /T im p e

C a r p e n te r /H o s s a in
--------------- J a c o b s e n /T im p e

815

850

885

920

955

____________________________________________ T f C ) ____________________________________

Figure 4.5. Comparison of Reaction Rates Changing v t'h Temperature
Figure 4.5 shows how the steam-gasification reaction rate estimates change over
the TRDU temperature range of 815-955°C. The activation energy, E, determines how
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the reaction rate changes with temperature. All of the reaction rates were set equal to
each other at 815°C by adjusting A e. A e corresponds to the Arrhenius constant, A, and
the concentration term in the reaction rate expression (Equation 4.10). Based on the
Carpenter/Hossain estimate, the other three reaction rate estimates increase faster with
increasing temperature (Table 4.4).
r = (A ■exp1- '^ ^ ) • [Concentration] = A e • e x p ^ ^ 1^

(4.10)

Table 4.4. Comparison of Reaction Rates Changing with Temperature_____________
Amount r increases faster than the
Steam-Gasification
Activation Energy
Carpenter/Hossain reaction rate
Reaction Rate estimates___________ E (cal/mol)______________estimate with increasing temperature
Carpenter/Hossain
Jacobsen/Timpe
Sondreal/Timpe
Knutson/Timpe

32,500
39,000
41,700
46,200

5.5/5.5
7.8/5.5
9.0/5.5
11.4/5.5

=
=
=
=

U1
LA

Lfi
2JL

The Carpenter/Hossain activation energy was obtained from two UND ChE Theses by Hossain (1995) and Carpenter (1993).
The Jacobsen/Timpc activation energy was obtained from a UND ChE Thesis by Jacobsen (2001).
The Knutson/Timpe activation energy was derived from raw TGA data obtained from a UND ChE Thesis by Jacobsen (2001).
The Sondreal/Timpe activation energy was obtained from an EERC report by Dr. Everett Sondreal (c. 1995).

Pressurized Fluid-Bed Reactor (PFBR) Experiments
PFBR experiments are useful in determining the carbon dioxide/monoxide
(CO 2/CO) ratio resulting from the combustion of carbon in a coal. A reacting gas enters
through the bottom of the PFBR with a velocity large enough to fluidize the char. The
magnitude of the velocity is such that it is not too fast as to remove the coal from the
reactor.
The operational parameters of the PFBR at the EERC are: a 2.875 inch inside
diameter, 760-925 °C, 0-150 psig, 1-30 scfm gas flow rate, 1-10 ft/sec forward
velocity, and 1-8 lbs of coal/hr. These parameters work well for combustion of coal,
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although they do not work well for studying char gasification.

The operational

parameters desired for studying gasification include a minimum 0.2 scfm gas flow rate
and a maximum operational temperature of 1100°C. The PFBR was the only suitable
piece of equipment available at the time of the experiments.
PFBR data for Freedom lignite coal was obtained from a thesis by Jason Jacobsen
at the University of North Dakota (UND).16 This data was used to model the TRDU by
determining the amount of carbon consumed during combustion based on the CO2/CO
ratio. The PFBR experiments did not include steam as a component of the inlet gas,
although the TRDU introduces steam before the combustion zone. If steam were used in
the PFBR experiments, then the CO2/CO ratio exiting the PFBR would be a result of
combustion along with the water-gas shift reaction. Combustion is irreversible, therefore
the water-gas shift reaction does not significantly affect the reaction rate of combustion.
Essentially all of the oxygen entering the TRDU is converted to carbon monoxide
and carbon dioxide.

This ratio is used in the TRDU model to determine how much

carbon in the coal is combusted, which .supplies energy for the endothermic gasification
reactions. The model of the TRDU is highly dependent on the CO2/CO ratio leaving the
combustion zone. This ratio is directly proportional to the amount of carbon consumed
during combustion.

The exiting CO2/CO ratio, the water concentration, and the

temperature determine the water-gas shift equilibrium concentration entering the
gasification zone (Appendix C). PFBR experiments using Freedom lignite coal resulted
in carbon dioxide/monoxide ratios that are dependent on temperature (Table 4.5).
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Table 4.5. Modeling of the CCVCO Ratio leaving the TRDU Combustion Zone16
(C O )/

*«

T (°C )

T (K)

815
955

1088
1228

(CO + CO:) *
0.58
0.76

Equation derived from PFBR data for the
CO:/CO molar ratio based on temperature*’
[C O j/C O U ,, = - 2.9-(10°) • (T[K|) + 3.9

Only one run performed at each temperature, so no error analysis was possible.
This equation is derived from PFBR data obtained from a UND ChE Thesis by Jason Jacobsen (Table 4-4, 2001)

C H A PT E R V

KINETIC VERSUS DIFFUSION LIMITING TEMPERATURES
Accuracy of the TGA Data for Kinetic Modeling of the TRDU
The gasification temperatures of the TGA could be within the kinetic to diffusion
limiting range for Freedom lignite char (Figure 5.1).

The TGA data obtained only

studied the Freedom lignite char reaction kinetics at two temperatures. At least three
temperatures are needed to determine where the transition range is for Freedom lignite
coal.

1 / T[K]

Figure 5.1. Limitations of the Conservative TRDU Kinetic Model
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A conservative model of the reaction kinetics can be drawn from the two
temperatures studied. The conservative kinetic model will predict a reaction rate equal to
or smaller than the actual reaction rate between the two temperatures (Figure 5.1).
Extrapolation outside the two temperatures will predict a reaction rate larger than the
actual value. Currently, only a conservative kinetic model can be developed between the
two temperatures studied.
Determining if Both Temperatures are Diffusion Limiting
We can get an indication as to whether the reactions arc kinetic limiting or
diffusion limiting by looking at the dependence of rate on temperature. The reaction rate
constant is directly proportional to the effective diffusivity for a diffusion limiting
reaction. The dependence of diffusivity on temperature is given by Equation 5.1. If
diffusion is the limiting step, Equation 5.1 can be rewritten substituting the reaction rate
constant for the diffusivity.

D, = Do [T,/T0] 3/2

(5-1)

tci = ko [T,/T0] 3/2

(5.2)

where,
ko = 1.7 • (10 '3) sec-1, the TGA data obtained at T0, D0
ki = predicted value is 2.0-(10'3) at T]. The TGA data obtained was 1.9-(10'2), Di
T0 = 815°C ,1088K
T, = 955°C, 1228 K
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The TGA value obtained for ki is only from one data point, while the ko value is
from seven. This means that no error analysis was possible for the kj value obtained.
A

#

The magnitude of the difference in kj and k\ can be better understood with the use of
Equation 4.4a.

This equation can be modified to calculate the activation energy

corresponding to diffusion limiting reactions, E d (Equation 5.3).
E d = [ln(ko/k,) • R] / (1/T, - 1/T0)

(5.3)

Diffusion limiting reactions would have a calculated activation energy of 3,400
cal/mol for the temperature range of 815-955°C. This value is much smaller than the
activation energy calculated for the Freedom lignite char, which is equal to 46,000
cal/mol. This shows that the low temperature, 815°C, studied for the Freedom lignite is
either kinetic limiting or within the transition range. The high temperature, 955°C, is
either diffusion limiting, kinetic limiting, or within the transition range (Figure 5.1). The
TGA data obtained researched two temperatures. At least three temperatures are needed
to determine a bend in Figure 5.1 (especially how large the transition range is).
Therefore, it is uncertain if both temperatures are kinetic limiting.
Previously Studied Lignite and Subbituminous Coals
Figure 5.2 is the same type of plot as Figure 5.1 for lignite and subbituminous
coals.19 Lignite and subbituminous coals have very similar reaction kinetics.

The

activation energies for the four coals are approximately 26,000 cal/mol. Figure 5.2 shows
that there is no apparent bend in the plot of k versus temperature for these four specific
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coals. This suggests that these lignite and subbituminous coals are kinetic limiting at
temperatures between 650-800°C.
Figure 5.3 shows TGA data obtained for three coals with very different kinetics.
Because there is such a difference between the reaction kinetics, this shows that TGA
data will give accurate results for kinetic limiting reactions. Figure 5.3 shows that the
TGA stagnant diffusion boundary surrounding a TGA sample could be negligible,
otherwise the kinetic data would be identical (Appendix F). Figure 5.3 does not show
where a bend in a k versus temperature plot is for a particular coal.

The three

extrapolations are derived from a linear trend of k versus 1/T[K], similar to Figure 5.2
(i.e. they assume the char kinetics are reaction rate limited at all temperatures).

Figure 5.2. A plot of ln(k) versus 1/T[K] for lignite and subbituminous coals
The reaction rates of the four coals were obtained from Timpe, Wilson, and Sears (I&EC Research, 1991, 30)
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■"Llgnite/Subbiluminous CD 0-20 atm partial pressure *

■■

"

"

Bituminous Q 0.20 atm partial pressure *

-P e t Coke CD 0.20 atm partial pressure *

*Figure 5.3. Fraction of Carbon Steam-Gasified in Three Different Coals per Minute

These are curve fits of TGA data at 20% steam concentration and 1 atmosphere obtained from Ron Timpe (EERC) and the
Chemistry of Coal Utilization, 2nd Supplementary Vol, 1981.30
The y-axis determines the fraction of carbon gasified in a coal particle per minute at a specified temperature, {y-axis = 1 - exp*'1'1)
•• »
The rate law is first order in carbon remaining, and there is no dependency on steam. The three extrapolations are derived from
a linear trend of k versus 1/T[K]. {k=A exp<'E/RT)}

Conservative Kinetic Model of Steam-Gasification in the TRDU
A conservative kinetic model for steam gasification can be derived because of the
nature of the bend in the k versus temperature curve (Figure 5.1). The slope of the
diffusion limiting range is smaller than that of the kinetic limiting range. Therefore, a
straight line connecting the two TGA temperatures studied will always predict a reaction
rate equal to or smaller than the actual reaction rate. This will only be valid between the
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two TGA temperatures studied.

Extrapolation of the TGA kinetics outside the two

temperatures studied will be invalid (Figure 5.1).
This is a quote from Eijavec and Lawson “The only thing to keep in mind, is that
the danger is great when extrapolating outside of the region of experimentation, the
polynomial model is merely a flexible curve that should only be expected to be useful in
the vicinity of our data”.21 For modeling purposes the TGA Freedom lignite experiments
are considered to represent the TRDU reaction rates for the temperature range of
815-955°C.

C H A P T E R VI

KINETIC MODELING OF THE TRDU
Carbon in a coal particle gasifies faster at higher temperature, hut there is a limit
to the peak temperature at which lignite coal can be gasified. Lignite ash contains a high
concentration of alkali constituents. At high temperatures (900-1000°C) the sodium and
potassium in the ash will melt, acting like a glue, and the ash will stick to other solid
particles. Over time the aglomeration of ash will halt operation. Understanding coal
gasification kinetics is essential in defining control parameters to optimize production.
Original Kinetic Model
Dr. Sondreal’s original kinetic model predicted how much steam-gasification
occurs in the TRDU. The total amount of steam-gasification is calculated recursively
using the extent of steam-gasification for a single-pass through the gasification zone, the
extent of combustion for a single-pass through the combustion zone, carbon loss by
filtration, and the bed recycle rate.
Amount of Steam-Gasification for a Single-Pass Through the Gasification Zone
Figure 5.3 is repeated as Figure 6.1 for convenience. Figure 6.1 estimates how
much steam-gasification occurs for lignitic, subbituminous, and bituminous coals, and
petroleum coke based on TGA data. It is assumed that the reaction depends on fractional
carbon conversion, and the order of reaction of steam is zero. The reaction kinetics as
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Figure 6.1. Fraction of Carbon Steam-Gasified in Three Different Coals per Minute

•

These are curve fits of TGA data at 20% steam concentration and ! atmosphere obtained from Ron Timpe (EHRC) and the
Chemistry of Coal Utilization, 2nd Supplementary Vol, 1981.30
The y-axis determines the fraction of carbon gasified in a coal particle per minute at a specified temperature, (y-axis *• I - ex p '1'1}
• ••
The rate law is first order in carbon remaining, and there is no dependency on steam. The three extrapolations are derived from
a linear trend of k versus 1/T[K]. {k” A'expl'E/I<T)}

represented by Figure 6.1 determine how much gasification occurs for a single-pass
through the gasification zone.
Residence Time Distribution (RTD) of the Solids in the Gasification Zone
The residence time is the amount of time the solids stay in the reactor. The solids
residence time models the average time the char spends in the TRDU gasification zone.
The residence time of solids in the gasification zone was measured experimentally by
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placing red sand in the TRDU during a cold run. An optical sensor measured the quantity
of red sand leaving the TRDU over time. The residence time distribution is used to
determine the amount of time the solids have to react, and hence the amount of
gasification occurring in the TRDU (Figure 6.2).

Number o f Red
Sand Particles
Measured by the
Optical Tracer

________

This curve is the Residence Time Distribution (RTD) o f a
Continuously-Stirred Tank Reactor (CSTR).
Solids inside a
CSTR are the same as the solids leaving it. This is because a
CSTR is completely mixed.
The TRDU Gasification Zone
resembles a CSTR. For modeling purposes the solids in the
TRDU Gasification Zone are considered to be completely mixed.

60,000

0
Time (seconds)

Figure 6.2. Residence Time Distribution of the Solids in the TRDU Gasification Zone
Original Bed Recycle Rate
The amount of carbon combusted in the combustion zone is calculated from the
amount of energy required to keep the TRDU at gasification temperatures. The original
model uses the CO 2/CO product gas ratio for the CO2/CO ratio leaving the combustion
zone and the input oxygen to satisfy the energy balance.
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The carbon consumed during combustion is proportional to the CO2/CO ratio
leaving the combustion zone, assuming no water-gas shift. For a given amount of input
oxygen, the amount of carbon required increases as the CO2/CO ratio decreases. This is
because for a small CO2/CO ratio there is more CO than CO2 , which requires more
carbon for a given amount of oxygen.

The bed recycle rate of the lime ash with

unreacted char (-90% carbon) can be calculated from the carbon combusted using the
carbon mass balance and energy balance.
Improved Bed Recycle Rate
The original bed recycle rate calculation did not include the water-gas shift
reaction.

The water-gas shift is slightly exothermic when producing hydrogen, and

changes the CO2/CO ratio. It is assumed that no hydrogen gas enters the combustion
zone.
The improved bed recycle rate is calculated from a mass balance assuming no
water-gas shift occurs, while simultaneously satisfying the energy balance with water-gas
shift. The improved bed recycle rate increased by ten percent, and the single-pass carbon
combustion reduced by 0.5 percent.
Recursive Calculation to Determine the Total Amount of Gasification
The total amount of gasification is determined using a recursive calculation.
Carbon that enters the TRDU can combust with oxygen, devolatilize, gasify with steam,
or leave unreacted. The total amount of carbon gasified is equal to the amount of carbon
entering the TRDU minus the total amount of carbon leaving unreacted and the total
amount of carbon combusted.
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The recursive calculation tracks the carbon throughout the TRDU. For example,
as coal enters the TRDU a portion of the carbon is devolatilzed (quickly gasified). The
solids that are not recycled by the primary filter and disengager are removed by the
secondary filter (Figure 2.1). The coal and sorbent that are recycled enter the combustion
zone, where a portion of the carbon in the char reacts with oxygen. After combustion the
recycle bed enters the gasification zone, where a portion of the carbon in the char is
gasified. Directly after the gasification zone is where the input coal to the TRDU enters.
At this point the cycle repeats.
To determine the total amount of carbon gasified a recursive calculation is
performed without additional coal input. Therefore, the coal enters once and the carbon
is removed by the secondary filter, combustion, and gasification.

The recursive

calculation is performed until all of the original carbon is removed by filtration or
reaction. The calculation keeps track of how much carbon is removed by each stage, and
determines the total amount of carbon gasified, combusted, or removed by filtration.
Improvement of the Kinetic Model
New CCb/CO Ratio Exiting the Combustion Zone
The PFBR kinetic data is assumed to predict the carbon dioxide/monoxide ratio
leaving the TRDU combustion zone (Table 4.5). This replaces the original assumption
that the CO2/CO ratio is the same as the ratio in the product gas.
Temperature Drop Across the Gasification Zone
The new model accounts for the temperature change across the gasification zone.
This is important for calculating the correct amount of steam-gasification and water-gas
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shift equilibrium concentration. The temperature drop across the zone is substantial (2550°C), which slows down steam-gasification significantly and alters the water-gas si;;ft
equilibrium concentration. The temperature directly after the combustion zone is in the
range of 830-875°C.

A majority of the Freedom lignite TRDU experiments have m

ending gasification zone temperature above 815°C.
Dependency of the Reaction Rate on Steam Concentration
The new kinetic model shows that the reaction rate of carbon in the char is
dependent on steam concentration, as well as the fractional conversion of carbon. The
steam concentration is defined as the partial pressure of steam. Figure 6.3 shows the
comparison of the original reaction kinetics (zero-order steam) to the kinetics suggested
in this thesis (first-order steam).
The Freedom lignite TRDU runs were performed at steam partial pressures, P h3o,
close to 0.6 atm. The improved reaction kinetics compare very closely to tne original
kinetics for gasification of lignite coal at 0.6 atm P h3o, but are quite different at other
partial pressures of steam.
Figure 6.4 shows how steam-gasification is modeled in the TRDU gasification
zone. There is no physical barrier between the two process zones. The combustion zone
is very small compared to the gasification zone, since combustion occurs very quickly. It
is assumed for modeling that combustion occurs instantaneously, and the combustion
zone has zero volume.
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------ D — C.10 atm H20 partial pressure
------ # - — 0.60 atm H20 partial pressure
" 0.12 atm H20 partial pressure {r * k * (1-X)}

,,
------A - — 0.30 aim H 20 partial pressure
——0.20 atm H20 partial pressure (r * k * (1-X))

Figure 6.3. Fraction of Carbon Steam-Gasified in a Lignite Coal Particle per Minute
This is a curve fit of data obtained from Ron Timpc (EERC) and the Chemistry of Coal Ut’lization, 2nd Supplementary Vol, 1981.20
Th's is a curve fit of data obtained from a UND ChE Thesis by Jason Jacobsen (Table 4-1,2001 )16
• ••
The y-axis determines the fraction o f carbon reacted in a lignite coal particle per minute at a specified temperature.
**«•
These reaction rates arc an interpolation of TGA data at 1 atm. It is assumed that the reaction rate depends on the partial pressure
of steam. The partial pressure of steam in the TRDU is ~10 times more than the TGA for the same mole fractions. Since the
reaction rate is only dependent on steam partial pressure, it is assumed that the reaction rate can be adjusted by a factor of 10 to
model the TRDU. Therefore, the adjusted carbon conversion per minute is 10 times more than the TGA data at 1 atm. Meaning,
6% adjusted conversion for the TRDU at 10 atm is equal to 60% conversion for the TGA at 1 atm . {k=A exp(-E/RT)}
The rate lav/ is first order in carbon remaining, and there is no dependency on steam. The two extrapolations are derived from
a linear trend of k versus 1/T[K], (k=A-expt'E/XT)}

It is assumed all of the oxygen quickly combusts with the carbon in the char. The
oxygen deficient reaction produces CO2 and CO. This ratio affects the water-gas shift
equilibrium concentration. The water-gas shift equilibrium depends on the concentration
of CO2 , CO, H2 O, H 2, and temperature (Equation 6.1).
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H2 O + CO

~

CO 2 + H2

(6.1)

Steam-gasification occurs as the reacting gas passes through the gasification zone
(Equation 6.2).
H20 + C

<-+ CO + H2

(6.2)

The model treats the gasification zone as 45 separate batch reactors (Figure 6.4).
The gasification zone is modeled in 45 separate sections. The 45 slices is adequate for
modeling purposes.

This number was chosen because the residence time of the coal

inside the TRDU gasification zone is 45 seconds. The gas passes through the reactor
faster than the fiuidized coal. It is assumed that the concentration of the gas is constant
for each separate batch reactor. As steam-gasification occurs water is consumed, and
carbon monoxide and hydrogen are produced. This changes the initial concentration of
the gas entering the next section of the modeled gasification zone. The change in initial
concentration changes the water-gas shift equilibrium concentration. When the water-gas
shift equilibrium changes the water concentration changes. This is important because the
reaction rate of steam-gasification is considered to be dependent on water concentration.
The steam partial pressure entering the gasification zone is based on the water-gas
shift equilibrium concentration at that temperature. As the reacting gas passes through
the gasification zone the water-gas shift equilibrium concentration changes as a result of
the steam-gasification reaction and decreasing temperature. This causes the steam partial
pressure to become smaller as the reacting gas passes through the gasification zone
reducing the reaction rate of steam-gasification.
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Gasification
Zone

/

Combustion
Zone

Figure 6.4. Model for Carbon Removal by Steam-Gasification in the TRDU
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Summary of the Spreadsheet Contents
The spreadsheet contains a table of the total carbon removals calculated by the
recursive calculation, residence time distribution of the solids in the gasification zone,
product gas equilibrium calculations, a table of thermodynamic correlations, a table of
instructions, TRDU input and output tables, and a table of assumptions.
“Gasification research to optimize operating conditions has been considered more
of an artwork than solid correlations to thermodynamic and kinetic properties.
Gasification technologies are highly proprietary information, since extensive research is
performed to obtain unique modifications to gasify at optimal conditions”.

The model

Dr. Everett Sondreal developed is proprietary information. For this reason, the code,
thermodynamic correlations, and other model information is not included in this thesis.

C H A PT E R VII

KINETIC MODEL PREDICTIONS
Gasification and Combustion Zones
The gasification and combustion zones are the process zones of the Transport
Reactor Development Unit (TRDU). The process zone is a tubular reactor, where the
solids are considered to be thoroughly mixed. This means that the composition of the
solids is uniform. It is considered that the gas flow is highly turbulent and is modeled as
a plug-flow reactor (PFR).

In a PFR there is no radial variation in concentration or

temperature of the gas, while it varies continuously in the axial direction through the
reactor (Figure 7.1).
Water, air, inert nitrogen, and recycled char enter the bottom of the TRDU
combustion zone (Figure 7.1). All of the oxygen in the air reacts with the carbon in the
char very quickly.

The gases leaving the combustion zone consist of steam, carbon

monoxide, carbon dioxide, and inert nitrogen.
It is assumed that the water-gas shift reaction occurs instantaneously after the
combustion zone.

Therefore, the gas entering the gasification zone is steam, carbon

monoxide, carbon dioxide, hydrogen, and inert nitrogen.

The concentration of these

gases are based on their equilibrium concentration at a specific temperature (Appendix D).
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Steam then reacts with carbon in the char to produce carbon monoxide and
hydrogen.

As steam-gasification occurs, the water-gas shift reaction takes place to

maintain equilibrium. The water-gas shift equilibrium depends on the concentration of
steam, carbon monoxide, carbon dioxide, hydrogen, and temperature. When the watergas shift equilibrium changes, the steam concentration changes.

This is important

because the reaction rate of steam-gasification is considered to be dependent on steam
concentration.
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The two process zones are not physically separated. The transition between the
two zones is considered instantaneous, because of the nature of a PFR. Combustion is
considered to be irreversible and that the reaction takes place very quickly. The current
model assumes combustion is the dominant reaction compared to steam-gasification, and
that the combustion zone is modeled as having zero volume.
Kinetic Model Predictions
The TRDU operates at steam partial pressures up to 1.7 atm. The TGA runs were
only performed up to a 0.6 atm steam partial pressure, so predictions at higher partial
pressures are extrapolations. Figure 7.2 shows two extrapolations of the TGA data past
0.6 atm PH^O. The two extrapolations represent the minimum and maximum steamgasification that could reasonably occur past the available TGA kinetic data.
Figure 7.3 shows the amount of steam-gasification occurring in the TRDU
gasification zone with the two extrapolations up to 1.7 atm P h2o at 815°C.

The

conservative kinetic model shows that at least 4.7 percent of the carbon is steam-gasified
on a single-pass through the gasification zone.

Utilizing the full recycle model, this

equates to gasification of 20 percent of the entering Freedom lignite, 55 percent
combustion, and 25 percent removal by the secondary filter. The linear extrapolation
shows that 13.4 percent of the carbon is steam-gasified on a single-pass through the
gasification zone.

This equates to 42 percent of the entering Freedom lignite being

gasified, 41 percent combusted, and 17 percent removed by the secondary filter.
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Figure 7.2. Extrapolation of the TGA Reaction Rate to a 1.7 atm
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Figure 7.3. Fraction of Carbon Reacted in a Freedom Lignite Coal Particle per 45 seconds

C H A PT E R VIII

CONCLUSIONS
The Department of Energy (DOE) would like to know if the TRDU is in fact a
gasifier.

The alternative is that the TRDU could be a partial oxidation combustion

reactor. Based on model predictions at least 20 percent of the carbon in Freedom lignite
is gasified at 815°C, 135 psig, and six percent inlet steam concentration. This is based on
the conservative kinetic model, and shows that a significant amount of gasification
occurs: the TRDU is a coal gasifier.
The TGA data obtained were analyzed by other researchers assuming gasification
was only dependent on fractional carbon conversion. Re-analysis of the TGA raw data
showed that gasification depends on steam concentration as well, and not solely on
fractional carbon conversion. Currently the TGA reaction kinetics only model the TRDU
for steam concentrations up to six percent. The TRDU operates at steam concentrations
as high as 17 percent. After more research is performed a new kinetic model will help
define control parameters and optimize production of the TRDU. This endeavor will help
in the Department of Energy’s goal to justify the transition to a scaled up version of the
TRDU.
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C H A P T E R LX

RECOMMENDATIONS
Coal Gasification Modeling
Since each coal is unique, there is no general lignite, subbituminous, and
bituminous coals, or petroleum coke kinetic model. Therefore, new experiments need to
be performed to determine the kinetics for each and every coal studied.
The next step in improving the kinetic model is to perform experiments with a
pressurized (10 atm) TGA at several temperatures), instead of an atmospheric TGA
study. A pressurized TGA is available at the Energy and Environmental Research Center
(EERC).

The temperature range studied should be consistent with the operating

conditions of the TRDU for the type of coal gasified.
Confirming the TGA data with fixed bed reactor experiments would be ideal. A
fixed bed reactor experiment could potentially model the TRDU better because the
diffusion boundary around the coal particles would be better represented. The accuracy
of the weight loss is in greater question with the fixed bed, since small particles will leave
the bed.
The TGA must be checked for “stagnant diffusion boundary” limitation by
adjusting the flow rates of reacting gas properly. If the results of the new TGA
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experiments show that the TGA parameters are diffusion limiting, then TGA data will not
accurately model the TRDU. A fixed bed reactor better represents the conditions in the
TRDU, although the unaccounted loss of fine coal particles is inaccurate. Another option
may be a drop tube. This experimental apparatus models the reaction kinetics of the
TRDU the best, but determining the weight loss is difficult.
It appears that all three methods can model the TRDU, although each one has a
different type of experimental error. The TGA is accurate for kinetic limiting reactions.
The fixed bed is accurate for kinetic and diffusion limiting temperatures. A drop tube is
the best model for the TRDU, although the measurement of the weight loss is difficult. A
combination of all three methods is the best way to accurately model the TRDU. More
research on steam concentrations representative of the TRDU is necessary to obtain an
accurate kinetic model, eliminating the need for extrapolation.

CO7/CO Ratio Modeling
Better modeling of the CO2/CO ratio is necessary to more accurately determine
the amount of carbon consumed for heat generation, which in turn is used to calculate the
bed recycle rate.
TRDU Operational Parameters
A new lime ash/char removal system needs to be installed. The carbon content of
the recycle bed is important for modeling purposes. It is imperative to have this stream
flowing at all times to maintain a consistent steady state.
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Mass Balance
An improved model that does not close the mass balance is a contradictory
statement. An attempt to completely close the mass balance is necessary, even if it is
already closed within ± 0.1 percent.

A possibility could be adjusting some streams

simultaneously, although previous attempts resulted in poor convergence.

APPENDIX A
INSTRUCTION MANUAL, ASSUMPTIONS, TROUBLESHOOTING, TRDU INPUT,
AND TRDU OUTPUT FOR THE IMPROVED SPREADSHEET
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Table A1. Instruction Manual of the Improved Spreadsheet
| INSTRUCTIONS FOR THE MATERIAL AND ENERGY BALANCE SPREADSHEET AND KINETIC MODEL FOR THE TRANSPORT
| REACTOR DEVELOPMENT UNIT (TRDU) AT THE ENERGY AND ENVIRONMENTAL RESEARCH CENTER (EERC)____________
| THE ASSUMPTIONS SHOULD BE "CAREFULLY" REVIEWED TO ENSURE THAT THEY ARE REASONABLE
| THE ASSUMPTIONS MADE ARE HIGHLY DEPENDENT ON THE EXPERIMENTAL PARAMETERS
| NEW ASSUMPTIONS MUST BE MADE WITH ANY ADJUSTMENTS TO THE PARAMETERS
| NEVER USE THE ORIGINAL SPREADSHEET ALWAYS MAKE A COPY OF THE ORIGINAL AND USE THIS COPY
| TO PERFORM THE CALCULATIONS FOR YOUR OATA
| (ALWAYS START WITH THE ORIGINAL, OR ONE THAT HAS NEVER BEEN RUN)______________________________
| LISTED BELOW ARE ALL OF THE PRINT MACROS
|
|
|
|
|
|
|
|
|
|

(press Ctrl-I) TO PRINT THE INSTRUCTIONS TO THIS SPREADSHEET
(press Ctrt-U) TO PRINT THE ASSUMPTIONS OF THIS SPREADSHEET
(press Ctrl-W) TO PRINT THE LIST OF TROUBLE SHOOTING TECHNIQUES
(press Ctrl-R) TO PRINT THE TABLE OF INPUTS THAT THE SPREADSHEET USES
(press CW-P) TO PRINT THE RESULTS OF THE SPREADSHEET
(press Clrt-K) TO PRINT THE MASS AND ENERGY BALANCE TABLE
(press Ct/1-F) TO PRINT THE CONDENSED VERSION OF THE MASS AND ENERGY BALANCE TABLE
(press Ctrt-E) TO PRINT THE SPECIE ENTHALPY TABLE
(press Ctrl-Y) TO PRINT THE INSTRUCTIONS AND ASSUMPTIONS OF THE PREVIOUS VERSION OF THIS SPREADSHEET
(press CW-X) TO PRINT ALL OF THE A B O
V E ____________________________________________________________

| HERE ARE THE "ITEMS* THAT YOU WILL NEED TO USE THIS SPREADSHEET

I1)

GASEQ2C EXE (THIS FILE NEEDS TO BE IN THE DIRECTORY C \LOTUS\WORKM23\PROGRAMS )

I 2)

GEQFILE PRN (THIS FILE NEEDS TO BE IN THE DIRECTORY C \lOTUS\WORKM23\PROCRAMS }

| 3)
|
|
|

A SPREADSHEET CONTAINING THE RAW DATA FROM THE TRDU RUNS. INCLUDING
A)
TC413 THERMOCOUPLE READINGS
B)
DOLOMITE AND LIMESTONE ANALYSIS
THE ANALYSIS IS GIVEN ON A LOSS OF IGNITION (LOl) BASIS • * •
• • • BELOW IS AN EXAMPLE OF HOW TO CALCULATE THE COMPOSITION • - .
DOLOMITE
% CeO
68 6
% MgO
27 5
(LOl) wt %
43.1 <— wt of C 0 2 lost
X CaMg(C03)2
((68 6«27.S yi00a(H 43 .1/1 00 ))W 43 1 / 100 )
X INERTS/ASH
1 • (X C *M g(C 03)2)
LIMESTONE
73 6
X CeO
X MgO
04
(LOl) wt X
36 6 <— wt of C 02 lost
X C.«C03
(73 6/100*(1-(36 6/100))^(38.C/100H0.4/100, (H 3 6 6/100)))*(184/40)
X CaMg(C03)2
(0 4/100*( 1-(36 6/100)))*( 164/40)
X INERTS/ASH
1 • (X CsM g(C03)2) - (% C eC03)
C)
D)
E)

I

i

ASH ANALYSIS OF THE w tX OF CeO AND NaO
FRACTION OF SORBENT PROOUCTS IN THE FILTER ASH
THE LASH STREAM MUST BE MANUALLY SMOOTHED BELOW IS ASSUMPTION *17
THE RAW DATA (STEADY STATE) LASH STREAM VALUES MUST BE MANUALLY SMOOTHED SPECIAL
ATTENTION IS REQUIRED FOR THIS CALCULATION THE TIME. DAY. RUN TYPE. SORBENT USED. ETC
PERTAINING TO THE STEADYSTATE PERlOO MUST BE CONSIDERED

------------------------------------------------------------------------------------------

| BELOW ARE THE INSTRUCTIONS ON HOW TO RUN A SIMULATION PROPERLY
| 1)
|
|

FIRST YOU WILL NEED TO IMPORT THE RAW DATA FROM ANOTHER SPREADSHEET THE FORMAT MUST BE
THE SAME AS THE RAW DATA SHEET IN THIS SPREADSHEET. CURRENTLY. ROWS 147-152 ARE NEW INPUTS
FOR RAW OATA MODIFICATION OF THE ORIGINAL RAW DATA SPREADSHEET IS SUGGESTED

| 2)
|
|
|

TO IMPORT THIS SPREADSHEET COPY ONLY THE COLUMNS WITH RAW DATA. THIS WILL PROBABLY START
AT COLUMN C. WHEN COPYING FROM THE ORIGINAL RAW DATA SPREADSHEET YOU CAN ONLY COPY THE DAI
TO BE USED IN THE SPREADSHEET THIS IS BECAUSE THERE IS OATA STORED AT THE BOTTOM OF THE RAW
DATA SHEET IN THIS SPREADSHEET

I 3)
| 4)
|
|

ONCE YOU HAVE COPIED THE RAW OATA GO TO THE *RAWDATA|RESULTS* SHEET (CELL D1) AND PASTE
THE RAW DATA.
YOU CAN NOW CALCULATE THE SPREADSHEET FOR ALL OF THE RUNS THIS CAN TAKE QUITE A BIT OF TIME.
THIS IS WHY THERE ARE COUNTERS IMBEDDED INTO THE SPREADSHEET TO SHOW THE USER HOW MANY
RUNS HAVE BEEN PERFORMED AND HO (press Ctrt-8)____________________________ ___________________________

| 5)

YOU CAN ALSO CALCULATE THE SPREADSHEET FOR JUST ONE RUN WHEN THE SPREADSHEET IS OPENED Al
OF THE SETTINGS ARE SET UP TO DO MULTIPLE RUNS STARTING FROM THE FIRST RUN IF YOU DID RUN ONE.
THEN RUN TWO. ETC. THEN THERE IS NO TRICK TO PERFORMING ONE RUN AT A TIME ALL YOU WOULD HAVE
DO IS (pres* Ctrt-A) HOWEVER MANY TIMES YOU WISH.
ALTHOUGH. IF YOU WOULD LIKE TO PERFORM RUN 15 FIRST. THEN RUN 2. THEN RUN 8. ETC IT BECOMES A LIT
TRICKIER. IT WOULD PROBABLY BE BETTER TO CHANGE THE ORDER OF RUNS IN THE ORIGINAL RAW DATA
SPREADSHEET IF THIS OPTION IS NOT AVAILABLE YOU CAN STILL DO IT IN THIS SPREADSHEET. THE EASIEST
TO DO THIS IS TO COPY THE RUN THAT YOU WOULD LIKE TO PFRFORM. AND PLACE IT IN THE FIRST COLUMN C
|
RAW DATA. THEN DO THE SAME FOR THE SECONO RUN THAT YOU WANT TO PERFORM. AND SO FORTH
|
KEEP IN MIND THAT YOU ONLY WANT TO COPY THE RAW DATA AND NOT THE ENTIRE COLUMN. THIS IS BECAU
| _________ THERE IS DATA STORED IN THE FIRST COLUMN C( (press Ctrt-A)______________________________________________
I
|
|
|

| 6)
|
I 7)
| 8)
|
|
|

WHEN THE SPREADSHEET IS FINISHED CALCULATING YOU CAN PRiNT O F r THE RESULTS. IT DOES NOT
MATTER HOW MANY RUNS THAT WERE PERFORMED. THE PRINT MACRO WILL PRINT THE CORRECT
NUMBER OF PAGES
(press CtrLP)
SAVE THE FILE AS A DIFFERENT NAME. AND THEN YOU ARE FINISHED!
IF ONE IS INTERESTED IN FINDING OUT HOW EACH SPECIE. ENTHALPY. ETC. CHANGES BEFORE ANO AFTER
BALANCING THEY CAN DO SO THIS WILL ONLY WORK FOR ONE RUN TO DO THIS CLOSE AND OPEN THE
ORIGINAL SPREADSHEET CONTAINING THE RAW DATA, (press Ctrl-L) then (press Ctrl-A) TO RUN THE FIRST RUN
IN THE RAW DATA. TO SEE THE RESULTS (press F5 type CLOSURE)_________________________________________

I 9)

THE MASS AND ENERGY BALANCE TABLE CAN BE LOCATED BY (press F5 type TABLE8)

I 10)

MOST EVERYTHING ELSE CAN BE FOUND BY READING THE TITLE OF THE SHEETS

i ----
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Table A2. Assumptions Used in the Improved Spreadsheet
1
—•
I BELOW ARE THE ASSUMPTIONS MADE FOR THE HEAT AND MATERIAL BALANCES AND KINETIC MODEL OF THE TRANSPORT
| REACTOR DEVELOPMENT UNIT (TRDU) AT THE ENERGY AND ENVIRONMENTAL RESEARCH CENTER (EERC). DIFFERENT
| ASSUMPTIONS CAN BE MADE TO BALANCE C, H, O. N. S, MASS. AND ENTHALPY. THE PARTICULAR ASSUMPTIONS MADE
| IN THIS SPREADSHEET ARE AS FOLLOWS:
1) RUN DATA ARE USED TO DETERMINE THE COMPOSITION OF THE COAL. STEAM, AIR, NITROGEN PURGE, LASH. AND
FILTER ASH STREAMS.
2) TOTAL GAS OUTPUT IS BASED ON THE NITROGEN BALANCE (EXCLUDING H200UT).
3) RELATIVE COMPOSITIONS OF N2. CO, C 02, H2. H2S. AND CH4 IN THE GAS OUTPUT ARE KEPT THE SAME AS THE RAW
DATA COMPOSITIONS.
4) H 200 U T IS BASED ON THE OXYGEN BALANCE
5) THE PRODUCT GAS IS MEASURED WITHOUT MOISTURE. THE QUENCHED H2DOUT IS ESSENTIALLY A DIFFERENT
STREAM. THIS ALLOWS H 200U T TO BE BALANCED SEPARATELY FROM THE DRY PRODUCT GAS.
6) HYDROGEN IS NOT BALANCED IN THIS SPREADSHEET. THE REASON FOR THIS IS THE FACT THAT THE H 200 U T
IS THE ONLY REALISTIC STREAM THAT CAN BE ADJUSTED TO BALANCE THE HYDROGEN. MATHEMATICALLY
SPEAKING, THE CH40UT, H20UT, H2SOUT, THE HYDROGEN IN THE CHAR. AND THE HYDROGEN IN THE COAL
COULD BE ADJUSTED. ALTHOUGH. THESE VALUES ARE CHANGED BY UP TO 300%, AND IT IS CONSIDERED
THAT A CHANGE OF MORE THAN 10% IS UNACCEPTABLE. H20IN CANNOT BE ADJUSTED, SINCE H 200 U T
IS DEPENDENT ON H20IN. THE RESULT OF THIS CAUSES THE HYDROGEN BALANCE TO BE OFF BY UP TO 5%,
AND THE MASS BALANCE TO BE OFF BY UP TO 0.1%. HYDROGEN COULD BE BALANCED WHILE LEAVING THE
OXYGEN UNBALANCED. ALTHOUGH. IF THIS METHOD WAS CHOSEN THE OXYGEN BALANCE WOULD BE OFF BY
UP TO 5%. AND THE MASS BALANCE WOULD BE OFF BY UP TO 5% AS WELL. BY CHOOSING TO BALANCE
OXYGEN THE MASS BALANCE CLOSURE IS WITHIN 0.1%.
7) CARBON IS BALANCED BY COMPUTING CARBON CONVERSION FROM THE COMPUTED GAS OUTPUT. THIS ALSO
DETERMINES THE TOTAL UNBURNED CARBON IN LASH AND FILTER ASH.
8) ENTHALPY IS BALANCED BY COMPUTING GASIFIER HEAT LOSS. (HEAT LOSS THROUGH THE WALLS)
9) THE VOLATILES IN THE COAL ARE GASIFIED QUICKLY. THE COAL IS FED INTO THE REACTOR DIRECTLY AFTER THE
GASIFICATION ZONE. WHICH AFFECTS THE PRODUCT GAS COMPOSITION IN AN UNKNOWN QUANTITY.
10) THE GAS FLOW THROUGH THE TRDU IS CONSIDERED TO REPRESENT PLUG FLOW.
11) THE SOLIDS IN THE TRDU GASIFICATION ZONE ARE CONSIDERED TO BE WELL MIXED
12) THE COMBUSTION REACTION OCCURS QUICKLY, THEREFORE THROUGHOUT THE COMBUSTION ZONE NO
GASIFICATION OCCURS. THE COMBUSTION REACTION IS DEEMED IRREVERSIBLE AND IS THE DOMINANT REACTION.
WHEN THE OXYGEN IS DEPLETED. THEN THE GASIFICATION REACTIONS DOMINATE.
13) SULFUR. CALCIUM. MAGNESIUM. AND ASH ARE NOT BALANCED IN THE SAME SENSE AS THE O. C, AND N.
THE CALCIUM, MAGNESIUM, AND ASH ENTER WITH THE COAL, AND IT ALL LEAVES VIA THE FILTERS THE
SULFUR ENTERS WITH THE COAL, AND LEAVES IN THE PRODUCT GAS AS H2S. CaS IN THE FILTER ASH AND
LASH STREAMS. S IN THE CHAR, AND POSSIBLY SOME SULFUR ATTACHED TO THE COAL ASH.
14) IF COAL ASH CONTAINS ENOUGH SORBENT LIKE COMPONENTS (-25% Ca, -5% Na) IT IS CONSIDERED THAT THE
SULFUR HAS THE POTENTIAL TO LEAVE WITH THE ASH. THIS ONLY AFFECTS RUNS THAT ARE O PERA' ING AT
SUBSTOICHIOMETRIC SORBENT CONDITIONS. FIRST SULFUR WILL BE REMOVED BY CaS, H2S. AND IN THE CHAR.
IF MORE NEEDS TO BE REMOVED, IT IS CONSIDERED THAT THE SULFUR LEAVES WITH THE Ca AND Na IN THE
ASH. IF THERE IS NOT ENOUGH SORBENT LIKE MATERIAL DURING THE RUN. THE REMAINDER IS EXCESS H2S.
15) CALCINATION OF EXCESS C aC03 DETERMINES THE APPORTIONMENT OF LEFT OVER Ca INTO C aC03 AND CaO.
THIS IS CALCULATED USING THE C 02 ACCEPTOR PROCESS (SEE NOTE IN RANGE "C02ACCEPTOR" (press F5
type -C02ACCEPTOR')).
16) UNBURNED CHAR, ASH, AND THE SORBENT PRODUCTS ARE APPORTIONED BETWEEN THE LASH AND
FILTER ASH STREAMS THIS IS PROPORTIONED BY A PREDETERMINED FRACTION. (-70-80% IN THE FILTER ASH)
17) THE RAW DATA (STEADY STATE) LASH STREAM VALUES MUST BE MANUALLY SMOOTHED. SPECIAL ATTENTION
IS REQUIRED FOR THIS CALCULATION. THE TIME, DAY, RUN TYPE, SORBENT USED. ETC. PERTAINING TO THE
STEADYSTATE PERIOD MUST BE CONSIDERED.
18) IF THE CHAR ANALYSIS IS NOT GIVEN, THEN USE A "DUMMY* CHAR ANALYSIS. C-91%. H-0.10%, 0-8% , S-0 30%,
N-0.60% THIS ANALYSIS IS CLOSE TO THE PREVIOUS ASSUMPTION THAT CHAR IS 100% CARBON
19) THE C02/CO RATIO LEAVING THE COMBUSTION ZONE IS CORRELATED TO AN EQUATION EXTRAPOLATED
FROM RESEARCH BY MICHAEL MANN, Ph.D. AND JASON JACOBSEN. TO LOOK AT THE EQUATION IN DETAIL
(press F5 type NEWC02CO) THE RAW DATA FOR THIS EQUATION CAN BE FOUND BY (press F5 type NEWC02CORAW)
••• SUBJECT TO THESE ASSUMPTIONS, THE SPREAD SHEET CAN BE RECALCULATED FOR OTHER RUN DATA
INCLUDING COAL ANALYSIS AND GASIFIER CONDITIONS.

1
|
1
1
1
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Table A3. Troubleshooting for the Improved Spreadsheet
, -------- ------------------------------------------------------------------------------------------| BELOW ARE TROUBLE SHOOTING TECHNIQUES FOR THE TRANSPORT REACTOR DEVELOPMENT UNiT (TRDU) SPREADSHEET
| 1)
|

IF THE PROGRAM IS RUNNING EXTREMELY SLOW. THEN THE COMPUTER MAY BE BUSY WITH OTHER THINGS
FIRST CHECK WITH TASK MANAGER. WHILE THE PROGRAM IS NOT RUNNING. DETERMINE THE COMPUTER
USAGE THIS SHOULD BE LESS THAN 5%. IF IT IS NOT YOU MAY WANT TO CLOSE CERTAIN PROGRAMS THAT
ARE CURRENTLY RUNNING. OR ALL OF THEM. I AM NOT QUITE SURE. BUT WHEN I CLOSE EVERYTHING.
INCLUDING LOTUS. THEN OPEN THE FILE I W-VNT TO RUN. (press Ctrl-B) RIGHT AWAY, THE PROGRAM RAN
TWICE AS FAST

|
|
|

i ----—-- ----------- -------------------------------------------------------------------------------------------------------

| 2)

SOMETIMES THE GASEQ2 EXE AND GEQFILE PRN NEED TO BE IN ANOTHER DIRECTORY. IF THIS IS THE CASE
THEN YOU MUST MANUALLY FIND IT. TO DO SO. press / p ( AND THIS IS WHERE YOU WILL FIND IT MANUALLY
IF THE GEQFILE IS NOT IN HERE IT MAY BE IN ANOTHER DIRECTORY LIKE “PROGRAMS' THE TRICK IS TO
MATCH THE DIRECTORIES UP WITH MACRO Ct/1-G FIND THIS MACRO BY (press FS t/p« \G). IN THIS MACRO YOU
WILL SEE ON ABOUT THF FIFTH LINE WHERE IT CALLS FOR THESE CILES. W IQH IS IN "PROGRAMS’
REMEMBE THAT WHEN YOU TYPED / p \ THAT THE PROMPT SHOWED
otiJsW rVU23\*PRN
IF THIS W 'S THE PROMPT THEN THE FILES NEED TO BE IN c Votij>\v«jr»M23 ' MSRAMS "AND THE LIK E "_____________

|
|
|
|
| 3)
|

FOR WHAT EVER REASON THAT THE SPREADSHEET FAILS TO CONVERGE. USE THE TASK MANAGER TO END
THE TASK THEN CHECK THE RAW DATA FOR AMY POSSIBILITIES FOR ERROR HOPEFULLY YOU KNOW THE
RUN NUMBER. IF THE PROGRAM STILL DOES NOT RUN TRY TO GO BACK TO THE ORIGINAL SPREADSHEET
—
WITH NO MODIFICATIONS DONE. INCLUDING SIMPLE TYPING
—
AND TRY TO RUN THE PROGRAM IF THIS STILL DOES NOT FIX THE PROBLEM CONTACT RYAN KNUTSON AT
UNO 701-777-4244. )F YOU CAN NOT REACH A CONTACT NUMBER THERE AT THE CHEMICAL ENGINEERING
DEPARTMENT. THEN TRY TO CONTACT EVERETT SONDREAL AT 701-777-5000. IF NEITHER OF US ARE
AVAILABLE. THEN TRY TO DEBUG THE SPREADSHEET IF AT ALL POSSIBLE! THE ONLY CONCLUSION WOULD
BE THAT THE RAW DATA IS IN ERROR. OR THE SPREADSHEET IS IN ERROR_________________________________________

|
|
|
|
|
|
| 4)

DO NOT CALCULATE THE SPREADSHEET WITH NO PAY/ DATA_______________________________________________________

| 5;
J
|

THE SPREADSHEET WILL CALCULATE ALL OF THE COLUMNS IN THE RAW DATA SHEET. IF THERE ARE ANY
v'ALUES IN THE COLUMNS. AND IT WILL REPORT THEM ALSO. MAKE SURE THAT YOU ALWAYS START WITH A
FRESH SPREADSHEET THAT HAS NEVER BEEN USED TO CALCULATE DATA.

i -------------------------------------------------------------------------------------------------------------- --------------| 6)
|
1

IF THE ABOVE WAS UNAVOIDABLE. TRACK DOWN THE RANGE NAMES (DATA 10, DATA2. AND DATA3) AND PLACE
THEM BACK INTO THE FIRST COLUMN OF THE RAW DATA. THEY WILL BE IN THEIR ORIGINAL ROW SO. DATA 10
SHOULD BE IN THE ROW UF THE FIRST ROW OF RAW DATA,_________________________________________________________

| 7)
IF YOU WOULD LIKE TO REPORT A NEW VALUE IN TO THE RESULTS. THEN MACRO Ctrl-A MUST BE MODIFIED.
|
THIS IS A LfTTLE TRICKY AND TAKES A BIT OF TIME TO LEARN BASICALLY. AN EQUATION IS WRITTEN INTO A
|
CELL. THEN THE CELL IS GIVEN AN UNUSED RANGE NAME THE BOTTOM 10 LINES OF MACRO Ctrt-A PLACE
|
THE RESULTS INTO THE RESULT TABLE THE TRICKY PART IS ALL OF THE ABOVE. BUT ESPECIALLY WHEN A
|
NEW ROW IS INSERTED INTO THE RESULTS SECTION. THIS REQUIRES ALL OF THE UP COMMANDS TO BE
|
INCREASED BY ONE. FOR EACH INSERTED ROW THIS IS "NOT" A SIMPLE TASK UNTIL YOU HAVE DONE IT
| ______ A FEW TIMES._____________________________________________________________________________________________________
| 0)
|
j
j
|
|

IF ALL THE PAGES ARE NOT PRINTING. THEN CHECK TO MAKE SURE THE (FILE. PRINT) IS NOT STUCK
(EXAMPLE: CNLY 4 PAGES PRINTED FOR SOMETHING WITH 7 PAGES SUPPOSEDLY) MEANING. THE PRINTING
STARTS ON PAGE 1 AND STOPS ON PAGE 4. ETC. I HAVE ONLY RUN INTO THIS PROBLEM WHILE MANUALLY
PRINTING A SURE FIX WOULD BE TO MANUALLY PRINT OFF SOMETHING IN THIS SPREADSHEET FOR 7 PAGES.
MAYBE ONLY 2 PAGES WILL PRINT. BUT SINCE YOU TOLD THE (FILE. PRINT) TO STOP ON PAGE 7. IT WILL BE
THE NEW DEFAULT.___________________________________________________ ___________________________________________

| 9)
|
|
|

IF THERE IS A PROBLEM CONVERGING. MAKE SURE THE ERROR THAT IS ASSIGNED MAKES SENSE. IN
PREVIOUS SPREADSHEETS ERROR OF 0 005% IS ADEQUATE. AND IN OTHERS 0 00000000005% !5 ADEQUATE.
WHEN USCD PROPERLY. THE CONVERGENCE TIME IS ABOUT THE S AM - THIS IS THE ERROR THAT CHECKS
THINGS LIKE ERRORH, ERRORC. ERRORN, ETC. IN MACRO Ctrl-A.___________________________________________________

| 10)
|

ONCE I HAD A MACRO NOT WORK FOR SOME UNKNOWN REASON. AS A LAST RESORT I SAVED THE FILE WITH A
SHORTER NAME WHEN I DID THIS I WAS ABLE TO RUN THE MACRO I HAVE ONLY RUN INTO THIS PROBLEM ONCE.

| • 1)
|
|
|

WHEN WRITING MACROS. BE CAREFUL! MAKE SURE WHEN YOU WRITE IT YOU ACTUALLY PERFORM IT ONE
LINE AT A TIME FOR REASONS UNKNOWN TO ME. AND MOST EVERYONE. MACROS DO NOT DO WHAT YOU
TELL IT TO 0 0 EVERYTIME' MANY TIMES I NEED TO TELL THE MACRO TO DO ONE THING, THEN SOMETHING ELSE.
THEN THE SAME THING AGAIN. JUST TO MAKE IT DO THE FIRST THING I ASKED IT TO DO.
______________________

| 12)
|
, ------

|
|
J
|
|
|
|
|
|
j
|
|
|
|
|
|
!
|
|
|
|

|
|
|
|

------------------

■

....................

...................................... ...........

1

.............................. ..................................................................................................................................

MACRO Ctrl-B CALCUlATES THE SPREADSHEET FOR AS MANY RUNS THAT ARE IN THE RAW DATA SHEET
WHEN YOU HEAR THE BEEP'S THE SPREADSHEET IS FINISHED CALCULATING.
MACRO Ct/1-A CALCULATES JUST CNE RUN AT A TIME. THE PE ARE MORE DETAILS IN THF. INSTRUCTIONS.
THIS REPEATING/rvDATA10....... JUST PLACES THE RAW DATA INTO THE COLUMN THAT THE SPREADSHEET
WILL CALL TO SO IT CAN CALCULATE NEW DATA
5) THIS LINE OF CODE RENAMES THE NEXT COLUMN OF DATA. F;RST ROW OF RAW DATA. AS DATA18. THIS IS
SO THE MACRO WILL USE THE NEXT SET OF DATA TO COPY INTO THE CALCULATING COLUMN. THIS IS HOW
IT IS ABLE TO CALCULATE RUN AFTER RUN WITH A LOOP.
6) THESE 2 LINES DETERMINE IF THE SORBENT BEING USED IS DOLOMITE OR LIMESTONE. WHEN IT DETERMINES
THIS. IT CHANGES THE AMOUNT OF CALCINATION OF CAC03 TO CAO. THIS IS IN REFERENCE TO THE
C02ACC EPT0R DATA. THERE IS MORE INFORMATION IN THE INSTRUCTIONS. "NOTE" THIS WILL HAVE TO BE
MOOIFIED IF ANOTHER SORBENT IS GOING TO BE USED.
7) THESE 2 LINES PLACE ORIGINAL VALUES OF THE PRODUCT FLOW AND PROOUCT NITROGEN IN A CELL.
THIS IS USED TO DETERMINE THE CHANGE BETWEEN THE BALANCED AND RAW DATA. TOWARDS THE MIDDLE
OF THE MACRO ON THE RIGHT SIDE IS WHERE A LOT OF THESE VALUES ARE CALCULATED.
8) THIS LINE PERFORMS A CARBON BALANCE TO DETERMINE THE ORIGINAL CLOSURE OF THE RAW DATA. THE
SORBENT PRODUCTS ARE EQUATIONS. AND BALANCE BY THEMSELVES
9) THESES LINES PLACE ORIGINAL VALUES OF CLOSURE OF THE RAW DATA.
10) THE CONTINUE B IS WHERE THE MASS AND ENTHALPY BALANCE IS PERFORMED THIS IS WHERE THE SIZE OF
THE ALLOWABLE ERROR CAN CAUSE THE MACRO TO TAKE TOO LONG TO CLOSE. WHEN HYDROGEN IS NOT
BALANCED THE ALLOWABLE ERROR MUST NOT BF TOO SMALL.
11) THESE 5 LINES PLACE THE BALANCED CLOSURE OF THE CALCULATED DATA.
12) THESE LINES ARE JUST INCASE THE INSERTION OF A ONETIME HYDROGEN BALANCE ON WATER IS DESlREABLE.
THE OTHER PART OF THIS CODE IS ON THE RIGHT SIDE OF THE MACRO IN THE MIDDLE. THE FORMAT OF THE
LINES ON THE RIGHT SIDE OF THE MACRO ARE NOT ENTIRELY IN ORDERI AT THIS TIME I 8ELEIVE THIS IS NOT
NECESSARY. AND THERE IS MORE DETAIL IN THE ASSUMPTIONS.
13) THESE 6 LINES PLACE SOME RESULTS IN THE RESULTS SECTION BELOW THE RAW DATA.
14) THESE 8 LINES PERFORMS A "CALCULATION OF CARBON INVENTORY ANO STEAM-CARBON CONVERSION FOR
MULTIPLE PASSES". THEN IT PLACES SOME RESULTS IN THE RESULTS SECTION BELOW THE RAW DATA.
15) THE LAST I INES HERE JUST PLACE MORE RESULTS IN THE RESULTS SECTION BELOW THE RAW OATA _________

I
I
I
I
I
I

I

I

I

I
I
I
I

I
I
I
|
I
I
I
i
I
I
I

i
I
I
I

I
I
I
I

I
I
I
I
I
I
i
i
t
I
i
i
i
|

i
i

THIS IS A BREIF EXPLANATION TO THE MACRO THAT CALCULATES THE SPREADSHEET. THE NUMBERS WILL
BE REFERENCES TO THE NUMBERS ON THE LEFT SIDE OF THE MACRO
..
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Table A4. TRDU Input to the Improved Spreadsheet
| THIS IS THE RAW DATA THAT IS USED IN THE SPREADSHEET CALCULATIONS

I

| RUN DATA

I

| GASIFIER TEMPERATURE, C
| CHAR r ec yc le ; TEMPERATURE,
| GASIFIER PRESSURE, psia

815
750 < - Thermocouple "TC416"
135 < - From TRDU measurements

c

| ANALYSES OF COAL. SORBENT, CHAR
| MOISTURE. AS RUN
| ASH. AS RUN
| ASH. DRY BASIS
| % OF SULFUR IN PYRITIC FORM
|
|
|
|

CALCULATED LHV, Btu/lb maf
CALCULATED HHV, Btu/lb maf
CALCULATED HHV. Btu/lb as run
REPORTED HHV. Btu/lb as run

| H/C MOLE RATIO IN CHAR

{1.2-2 4%}

30 00% maf C
10 00% H
15.00% O
S
30.00% N
maf total
-12,000
-12,000
-6,000
-12,000

65 00?.
5.00%
20.00%
500%
5.00%
100 00%

| CARBON IN LASH / DIPLEG. %

1.20% < - In this case char is
synonymous with LASH
20 00%

| CARBON IN FILTER ASH. %

50.00%

| CALCINATION OF
| CALCIUM IN DOL OMITE. "DOCAL". %
| CALCINATION OF
| LIMESTONE. “CACAL“. %

| EST MAF CHAR ANALYSIS
|
based on ratios
|
of H. 0, and N
|
retained relative
|
to C for Wyodak char vs coal.
|
Ratio for S set at .66

09.00% < - Actual numter used In spreadsheet
90.00% < - See note in range "C02ACCEPTOR"
{CaO mol%}
99.00%
{CaO mot%}
CC
HC
OC
SC
NC
maf total

90.00%
0 50%
800%
0 50%
1.00%
100.00%

scf

i GASIFIER INPUTS

| Elements/C

COAL FEED RATE w/o sorbent
% sorbent in coal feed
BED/SORBENT RATE
%CaO
%CaC03
%CaMg(C03)2
%Inert/Ash

Ib/hr as rur !b/# maf coal

%

350

1

50
0
40
06
8

03
0
0.2
0.003
005

10.00%
0.00%
80.00%
5.00%
15.00%

TOTAL AIR
15,000 scfh
% of totai air to burner
60 00%
Oxygen PURGE
0
NITROGEN PURGE
5000
NITROGEN BACKPl
500
STEAM

700

5

0
400
40
20

0
2
0.1
0.8

| GASIFIER OUTPUTS
scf
|
|
I
|
|
|
|

% or ppm normalizec Ib/hr as rur lb/# maf coal
45.000
1000
500
100
5000
15000
10

DRY PRODUCT CAS
H2
CO
CH4
C02
N2
H2S. ppm

1000
9
75
10
400
2000
2

10
0.03
0.8
0.01
2
7
0.00001

| LASH / DIP LEG RATE

40

0.09

| FILTER ASH

80

0.2

140

08

total %

| Water (Quenched for production of dry ^ s )
|
|
|
|

.Ash Analysis {wt %}
% CaO
% NaO
Fraction of sorbent products in Filter Ash

45.00%
1500%
50.00%

9 00%
5.00%
1.00%
10.00%
75.00%
200
100 00%
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Table A5. TRDU Output to the Improved Spreadsheet
Freedom-2983
Lignite

RUN NU 18ER ------->
Typo of C o a l----------->
SUMMARY OF THE {RAW}
DRY PRODUCT GAS
TOTAL PRODUCT GAS. scf/hr

------ >

BEFORE
BALANCING

30,000
H2
CO
CH4
C02
N2
H2S

10.00%
2.00%
4 00%
15 00%
6900%
0.10%

H2
CO
CH4
C02
N2
H2S

10.00%
2.00%
4 00%
15.00%
69 00%
0.10%

SUMMARY OF THE (BALANCED)
DRY PRODUCT GAS
TOTAL PRODUCT GAS. scf/hr

------ >

AFTER
BALANCING

29.000

SUMMARY OF THE (RAW)
Elamental and Mass Closure

BEFORE
BALANCING

•MOLES H
#MOLES C
#MOLES 0
•MOLES S
0MOLES N
•MOLES Ca
•MOLES Mp
MASS, •

5.00%
2 50%
-2.50%
500%
-2.50%
500%
-2.50%
5.00%

SUMMARY OF THE (BALANCED)
Elemental and Mass Closure

AFTER
BALANCING

(•MOLES H)
•MOLES C
#MOLES O
•MOLES S
MMOLES N
•MOLES Ca
•MOLES Mg
(MASS. •)

-5 00%
0 00%
0.00%
0 00%
0 00%
0 00%
0 00%
•0.10%

SUMMARY OF THE
SPREADSHEET RESULTS
C Conv Based on C-Balance
% S Removal
Hoat Loss trom MiE-Balance, %of maf LHV
Heat Loss from TRDU. Btu/hr
HHV of TRDU Product Gas. 60 F w H2S w/o tar. Btu/scf
Gasifier Cold Gas Efficiency, % of coal HHV
Bod Recycle Rate from Comb Zone nrg-Balance, Ib/hr

80.00%
85.00%
-8.00%
(-2.0E*005)
50
45 00%
4000

ADJUSTMENTS TO STREAM
FLOWS AND TROUBLE SHOOTING
(Balanced Producty(Raw Data Product Flow)
(Balanced H20 OUT}/(Raw Data H20 OUT)
Product N2 (Balanced N2)/(Raw Data N2)
One-Pass C Conversion { Combustion }
One-Pass C Conv. { Gasification ) Everett
One-Pass C Conv. { Gasification } Ryan

99%
105%
99%
15.00%
4 00%
4 70%

SUMMARY OF
CARBON REMOVALS
% REMOVED IN FILTER ASH
% REMOVED IN LASH
% CHAR C LOST BY COMBUSTION
% CHAR C LOST BY GASIFICATION
SUM OF CHAR C REMOVAL

15.00%
500%
65.00%
20.00%

APPENDIX B
DETERMINATION OF THE REACTION RATE WITH
THE USE OF METHOD OF INITIAL RATES
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The tangent lines drawn in Figures B.1-B.9 are the initial reaction rates. The
reaction rate is proportional to the concentration of steam. Equation B.l shows that for
every mole of carbon consumed there is one mole of water consumed. Equations B.2 and
B3 translate the TGA raw data into the reaction rate of fractional carbon conversion. The
reason the reaction rate is written in fractional conversion is because it is only necessary
to determine how much carbon in the coal is gasified.
h 2o

r

+ C

CO +

(B.l)

h2

= k • Ph,on - Ccm == k • Pll.o" • ( l ) m = k Ph,on = dX/dt

(B.2)

dX/dt = 1 / tf = k • Ph,on = k • Ph,o

(B.3)

where,
r = reaction rate for the fractional conversion of carbon
k = reaction rate constant with respect to r
Pn,o = partial pressure of steam, psia
n = order or reaction with respect to steam
Cc = concentration of coal, initial concentration is equal to one
m = order or reaction with respect to carbon
dX/dt = fractional conversion of carbon versus time
tf = time it takes to completely react all of the carbon, Ax Figure B1
{assuming method of initial rates}
The reaction rate is assumed to only depend on steam concentration and
temperature, since the initial concentration of carbon is one.

When the carbon

completely reacts dX equals one, and dt equals the amount of time passed for all the
carbon to react.
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Sample Calculation of TGA Run #1
1. ) Run #1 was performed at 815°C and Ph,o = 0.116 atm
2. ) the reaction rate equals dX/dt
3. ) dX = 1 @ time {tf-to} , {see Figure B1}
dt = (tf - t0) = (60.0 - 12.8) min • (60 seconds/minute) = 2832 sec
dX/dt = 1/(2832 sec) = 3.5 • (1 O'4) per sec
4. ) dX/dt = 3.5 •( 1O'4) per sec @ 815°C arid Ph,o = 0.116 atm

Figure B l. TGA Run #1 @ 815°C,

P h;0 =

0.116 atm
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The Method o f Initial Rates for Run #2 is subjective.
It is not clear what the initial slope really is
compared to the other runs. A potential source of
error in Run #2 is that the simulated TRDU gas was
introduced before most o f the volatiles and water
were driven off. In Run #2 it is important that the
entire truncated carbon weight is used (including the
■ curve). This is because the slope drawn in
Figure B2 still represents the initial slope.

10

15

20

25

30

35

40

45

T i m e ( m in )

Figure B2. TGA Run #2 @ 955°C,

P m.o

= 0.120 atm

45

15
10
5

- -

The final bum for Run #3 was not recorded in the TGA
data obtained. Although, the TRDU char used in every
TGA run is considered to have the same composition,
thus same ash percent. A comparison with Run #6
determined the ash percent in Run #3. Run #6 had an
ash composition o f 16.0 j. ent, yielding an ash weight
o f 6.7 milligrams for Run

6.7 mg

o
10

20

30

40
T i m e (m in )

Figure B3. TGA Run #3 @ 815°C,

P h,o =

0.076 atm

50

60

70

Figure B4. TGA Run #4 @ 815°C,

P h,o =

P..,o

T i m e ( m in )

0.609 atm

= 0.215 atm

Figure B5. TGA Run #5 @ 815°C,

Figure B6. TGA Run #6 @ 815°C,

P h,o =

P h,o =

0.146 atm

0.088 atm

T i m e ( m in )

Figure B7. TGA Run #7 @ 815°C,

W e i g h t o f S a m p le ( m g )

O
03

W e ig h t o f S a m p le ( m g )

Pn,o

= 0.110 atm

T i m e ( m in )

o
Figure B9. TGA Run #9 @ 815°C, P h,o = 0.119 atm

W e ig h t o f S a m p le (m g )

Figure B8. TGA Run #8 @ 815°C,

c n o c n o o i o
o c n o c n o

APPENDIX C
CALCULATION OF ERROR LIMITS IN THE MODEL PREDICTION
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Experimental Determination of the Reaction Rate Constant, k
The si
The trendlii

; of a plot of dX/dt versus Pn,o is the reaction rate constant, k (Figure Cl).
mist go through zero because dX/dt equals zero when Pm,o is zero.

Figure C l. Experimental Determination of the Order of Reaction and Constant
The linear trendline appears to represent the TGA data well. This shows that the
reaction order appears to be ideal, n equals one (Equation C.l). An ideal reaction order
corresponds to a rate law that is solely temperature-dependent and concentrationdependent. Nonideal rate laws are severely limited in their use. This is because the rate
law is restricted to the specific limiting conditions of the original experiment.15

Approximation of n and k Using Discrete Least Squares Approximation13
A plot of r versus Ph,o appears to have a linear relationship (Figure Cl), so it is
reasonable to assume an approximation of the form in Equation C.2.
r = dX/dt = k • Ph:on = k • P h,o
y = b • x a or

ln(y) = ln(b) + a • ln(x)

(C.l)
(C.2)
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where,

r = y = reaction rate for the fractional conversion of carbon
k = b = reaction rate constant with respect to r
Pn,o = x — partial pressure of steam, psia
n = a = order of the reaction, which is considered to be one
dX/dt = fractional conversion of carbon versus time
The least squares method determines the be„t approximating line when the error is
the sum of the squares of the differences between the y values on the approximating line
and the given y values. The constants a and b must be found that minimize the least
squares error (Equations C.4 and C.5).

LSE = E (yf - [a-xj + b]) 2

(C.3)

(d LSE)/(d a) = 2-Z [ys - a-Xj - b] • [- xs] = 0

(C.4)

(d LSE)/(d b) = 2-Z [ys - a-Xj - b] *[- 1 ]

(C.5)

=0

Equations C.4 and C.5 simplify to the “normal equations” Equations C.6 and C.7.
a-Z Xj2 + b E Xj = E (Xj-yO

(C.6)

a-Z Xj + b-m = Z yj

(C.7)
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The solutions to the system of these equations are Equation C.8 and C.9.

a = [m-Z (xryO - ( I xf • Z y,)] / [m-S x,2 - (Z Xj) 2]

(C.8)

b = [(Z Xj 2 -Z yO - (Z (Xi-yO • (Z Xj)] / [(m-Z xs2) - (Z * ) 2]

(C.8)

The value of n, 0.967, determined by least squares is close to 1(Table Cl). The
value of k, 0.00178, determined by least squares is close to 0.00172. This shows that the
reaction order, n, can be assumed to be ideal, n equals one.
Table C l. Approximation of n and k Using Discrete Least Squares Approximation
X

0.116
0.076
0.215
0.609
0.088
0.11
0.119
a
ln ( b )

B

Y
3.48E-04
2.30E-04
4.58E-04
9.65E-04
5.24E-05
2.10E-04
3.06E-04

ln(y)
-/.96E+00
-8.38E+00
-7.69E+00
-6.94E+00
-9.86E+00
-8.47E+00
-8.09E+00
-57.4

ln(x)
-2.154165088
-2.577021939
-1.537117251
-0.495937011
-2.430418465
-2.207274913
-2.128631786
-13.5

(ln(x))2
4.64E+00
6.64E+00
2.36E+00
2.46E-01
5.91 E+00
4.87E+00
4.53E+0C
29.2

(In(x)T(ln(y))
1.72E+01
2.16E+01
1.18E+01
3.44E+00
2.40E+01
1.87E+01
1.72E+01
113.9

.

0.967
-6.329
1.78E-03

Sum of Squared Errors (SSE)21
The “best” equation that describes a set of data has the smallest possible Sum of
Squared Errors (SSE).21 SSE is the sum of the squared vertical distances from the data
points to the trendline (Equation C.10). Below is the model equation for the data.
/N

/N

Y = b -X

(C.9)
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w here,

Y = y-value that the model will predict
A

X = x-value that the model will predict
b = slope of a straight line
The SSE can be written as a quadratic function of b.
SSE = Z (Yj - YO 2 = Z (Yj - [b • X?])2

(C.10)

expanding the squared quantity,
SSE = ZYj2 - (2-Z [Xj-Yj]) • b + (Z X j2)-b2

(C .ll)

The value b can be determined by minimizing the SSE. This is readily done by
taking the derivative of SSE with respect to b, and setting it equal to zero.
(d SSE)/(d b) = - (2-Z [Xj • Y,]) + (2-Z X j2) • b = 0

(C. 12)

Solving for b gives:
lT= (Z [Xj • Yj]) / (Z [Xj2])

(C.13)

where,
A

b = estimate of the slope in the model
Yj = y-value of the ith data point
Xj = x-value of the ith data point
n = the number of data points
Calculation of Variance in the Model Prediction21
A

The variability in the model prediction, Y, is determined from Equation C.14.
Var(Y) = X0 • (XT • X)'1 • X0T • a 2

(C.14)
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where,
✓ N

Var(Y) = variance of the predicted value of the model
A

X0 = any point at which the predicted value is calculated, Y
X = n x 1 matrix of the data, n equals the number of data values
XT = the transpose of X
X0T = the transpose of X0
ct2

= the variance of the data

The variance of the data,

ct ,

is “hardly” ever known. An estimate of a is the

SSE divided by the degrees of freedom (Equation C.15).
s2 = SSE / (n-c) = SSE / DF

(C.15)

where,
s = an estimate of ct
n = number of data points
c = number of constants predicted by the model, c =1 for the slope
DF = degrees of freedom, 6
Table C2. Calcu ation of the Sum of Squared Errors for the TGA Raw Data at 815°C
X
X2
Y
Y
(Y-Y)2
2.0E-04
3.5E-04
0.12
0.01
2.2E-08
1.3E-04
2.3E-04
9.9E-09
0.08
0.01
3.7E-04
4.6E-04
7.8E-09
0.22
0.05
9.7E-04
6.8E-09
0.37
1.0E-03
0.61
1.5E-04
9.8E-09
5.2E-05
0.09
0.01
1.9E-04
2.1E-04
4.2E-10
0.11
0.01
2.0E-04
3.1E-04
1.0E-08
0.12
0.01
6.7E-08
E (Y - Y)2 =
0.47
e x 2=
6.71
E-08
SSE =
1.7E-03
k=
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Table C3. Variance ofPredicted TGA Values using Matrix Multiplication
X
X2
XT
0.11
0.22
0.61
0.09
0.12
0.01
0.12
0.08
0.08
0.01
0.22
0.05
( x Tx r 1
XTX
0.61
0.37
0.47
2 .1 3
0.09
0.01
DoF
6
0.11
0.01
0.12
0.01
2 .4 4 7
U
1/(sum X2) =
sum X 2 =
0.47

0.12

2 .1 3

Equation (C.14) can be simplified after evaluating the calculated data (Table C3).
The (XTX)'1 term is equal to 1/(1 X2), and the X<>X0T term is equal to X02.
s2? = [ X02/ Z ( X i 2) ] • s2

(C.16)

s£ =~\j [ X02 / Z (X i2) ] • s2

(C.17)

where,
s p = variance of the predicted value of the model, Var(Y)
£ (Xj 2) = summation o f the squared raw TGA data, (P h,o) 2
s£ = standard deviation of the predicted value of the model
Note that the variance will be different for each point, where it is zero at X0 equal to zero.

Calculation of Error Limits in the Model Prediction21
The error limit of the model equation is typically reported as plus minus the s£
times the student t, ts.21 The student t is dependent on the degrees of freedom and
confidence limit. The degrees of freedom in this example is equal to n minus one, which
is equal to six. The confidence limit is chosen to be 95 percent, resulting in a ts value
equal to 2.45 (Table C3).

87

EL = Y ± ts • s$
where,
EL = error limits of the predicted equation values
ts = students t value, chosen for a 95% confidence limit, 2.45

(C.18)

APPENDIX D
DETERMINATION OF THE WATER-GAS SHIFT EQUILIBRIUM
CONCENTRATIONS USING KP
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The equilibrium constant, Kp, is proportional to the concentrations of the products
and reactants raised to their stoichiometric coefficient (Equation D.2).

Kp is only

constant for a specific temperature.23
1- C02 + 1 - H 2 -» 1 H 20 + 1 - C 0

(0.1)

Kp = [C 02]' • [H2]' / [H20 ]' ■[CO]1

(D.2)

Kp = [C 02 mol.o + X]'1 • [H2 nx),,0 + x]' / [H20

^ ,,0

- x]1 • [CO moi,0 - x]1

(D.3)

where,
Kp = equilibrium constant read from Figure D1
[C 02] = molar concentration of carbon dioxide, [C 02 moi,0] initial concentration
[H2] = molar concentration of hydrogen, [H2 moii0] initial concentration
[H20 ] = molar concentration of steam, [H2O rnoi,o] initial concentration
[CO] = molar concentration of carbon monoxide, [CO moi.o] initial concentration
x = extent of reaction from the initial concentration to reach equilibrium
Equation D.3 is used to determine the equilibrium concentrations of the TRDU
and TGA gas (Table Dl). The water-gas shift reaction is considered to reach equilibrium
very quickly. Combustion is considered to be a quick reaction, and the water-gas shift is
1000 times faster than combustion.

log10(K p)
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Table Dl. Concentrations ofTGA Gas, Assuming WGS Equilibrium
Run # 1

T (°C )

->

8 1 5 .5

Run #2

954.4

T (°C )

N?

CO

C 02

h 2o

h

2

CO

C02

h 2o

h

Initial mol

1.96

0 .3 6

0 .2 3

0 .8 3

4 .9 6

Initial mol

1.96

0 .3 6

0 .2 3

0 .8 3

4 .9 6

W G S mol

1.96

0 .4 9

0 .0 9

0 .9 7

4 .8 3

W G S mol

1.96

0 .5 2

0 .0 6

1.00

4 .8 0

Initial [Conc.j 24 %
WGS [Cone.] 2 4 %

4 .3 %

2 .7 %

2 .7 %

6 .3 %

0 .7 %

10.0%
12.0%

59 %

58%

Initial [Cone.] 24 %
WGS [Cone.] 24 %

4 .3 %

1.1%

10.0%
11.6%

59%

5.9 %

T C C ) ->

8 1 5 .5

Run #4

C02

h

Run # 3
n

2

CO

h 2o

2

n

2

T C C ) ->
n

2

CO

C 02

h

2o

Initial mol

3 .3 9

0 .2 8

Initial mol

3.0 3

0 .8 3

W G S mol

3 .3 9

0 .2 8

W G S mol

3.0 3

0 .8 3

Initial [Cone.] 9 2 .4 %
WGS [Cone.] 9 2 .4 %
Run # 5

T (°C ) ->
|N2

Initial [Cone.] 7 8 .5 %
WGS [Cone ] 7 3 .5 %

7 .6 %
7 .6 %

CO

C 02

H 20

8 1 5 .5
h

8 1 5 .5
h

2

2 1 .5 %

T C C ) ->
n

57 %

2 1 .5 %

Run # 6

2

2

2

CO

C 02

8 1 5 .5

h 2o

h

2

Initial mol

1.78

2 .7 8

Initial mol

1.96

0.71

0

0 .8 3

4 .9 6

W G S mol

1.78

2 .7 8

W G S mol

1.96

0 .6 3

0 .0 9

0 .7 5

5 .0 5

6 0 .9 %

Initial [Cone.] 2 3 %
WGS [Cone.] 2 3 %

8 .4 %

0%

59 %

7 .4 %

1.0%

9.8%
8.8%

Initial [Cone.] 3 9 .1 %
WGS [Cone.] 3 9 .1 %

6 0 .9 %

Run # 7

T C C ) ->

8 1 5 .5

Run # 8

T C C ) -»

60 %

8 1 5 .5

CO

C02

H20

h2

2

CO

co2 H20

h2

Initial mol

1.96

0

0 .4 5

0 .8 3

4 .9 6

Initial mol

1.61

0.71

0 .2 3

0 .8 3

4 .9 6

W G S mol

1.96

0 .3 6

0 .0 9

1 .2 0

4 .6 0

W G S mol

1.61

0 .8 0

0 .1 4

0 .9 2

4 .8 8

60 %

Initial [Cone.] 19%
WGS [Cone.] 19%

9 .6 %

n

2

Initial [Cone.] 2 4 %
WGS [Conc.l 2 4 %

0%

5 .5 %

4 .4 %

1.1%

Run #9

10.1%
14.6%

56%

T C C ) ->

8 1 5 .5

2

CO

co2

h 2o

h

Initial mol

2 .1 4

0 .1 8

0 .2 3

0 .8 3

4 .9 6

W G S mol

2 .1 4

0 .3 4

0 .0 7

0 .9 9

4 .8 0

2 .1 %

2 .7 %

59 %

4 .1 %

0 .8 %

10.0%
11.9%

n

Initial [Cone.] 2 6 %
WGS [Cone.] 2 6 %

2

58 %

n

8.6% 2 .7 % 10.0%

59%

11.0%

58%

1.7 %

APPENDIX E
COMPRESSIBILITY FACTORS OF THE TRDU AND TGA REACTING GAS
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The compressibility factor, Z-factor, of a gas is how much a gas compresses at a
given temperature and pressure. The Z-factor depends on the critical temperature and
critical pressure of the inquired gas. When talking about the critical state of a gas, it
actually refers to a gas-liquid transition. The critical state is where the density' and other
physical properties of the gas-liquid transition are the same. The critical temperature and
pressure for each gas are found experimentally, and can be found in physical property
tables.

Z-factors can be easily read off a compressibility chart by determining the

reduced temperature and reduced pressure (Equations E.l and E.2).16
Tr = T / T c

(E.l)

Pr = P / P c

(E.2)

where,
Tr = the reduced temperature, unit less
T = the absolute temperature, Kelvin
Tc = the critical temperature, Kelvin
Pr = the reduced pressure, unit less
P = the absolute pressure, atmosphere
Pc = the critical pressure, atmosphere
The TGA experiments were performed at atmospheric pressure. The Z-factors
read from compressibility charts were one (Table El). A sensitivity analysis of the Zfactors of the gases in the TRDU show a range of 0.98 to 1.00 (Tables E2-E6). The
temperature range was 500 to 1000°C, and the pressure range was 50 to 200 psig. The
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largest deviation of 0.98 came from a pressure of 135 psig and temperature of 500°C.
For modeling purposes the Z-factor is assumed to be one.
A concern for the compressibility of gases is when the criiical pressure and
temperature are both equal to one. The Z-factor for this combination is 0.25. This means
that the effective concentration of the gas would be 75 percent less then the ideal
conditions. The gas that would deviate the most from ideality in the TRDU would be
carbon dioxide.
It is unlikely that the TRDU would operate at conditions resulting in a Z-factor far
from one. The TRDU will operate at temperatures above 330°C and pressures below 400
psig. The Z-factors of O2 , N2, CO, C 0 2, H20 , and H2 deviate less than five percent from
ideality at these conditions. If the TRDU product gas was converted to methane and sold

OO

0

in a pipeline then the Z-factor of methane would be 0.87 (1000 psig and 20°C).

1 .0 0
T C(K )=
P c (a t m ) =
T ,=

8 .6

P ,=

1 .0 0
126

T e (K )=

34

P c (a t m ) =

0 .0 3

T ,=

8 .2

P r=

0

Table E l. Z-Factor’s of the TGA gases at 0 psig anc
T (K ) =
1088
P(atm)aB*= 1.0 T ( “C ) “ 8 1 5
P(Psl0)a 0
{ N2 } Z-factor
{ CO } Z-factor { C 0 2 } Z-factor { H20 } Z-factor
1 .0 0
133

Tc(K ) =

35

P c (a tm ) =

0 .0 3

T ,=

3 .6

{ H2 } Z-factor
1 .0 0

1 .0 0
304

T c (K )=

73

P c (a tm )=

P ,=

0 .0 1

T ,=

1 .7

647
218
Pr=

0 .0 0

Tc (K )

=

33

P c (a t m ) =
T ,=

3 2 .7

13
P ,=

0 .0 8

Table E2. Z-Factor’s of the TRDU gases at 135 psig and 800°C
P (p s lg )=

135

P (a t m )a b ? =

{ N2 } Z-factor
1.00

1 0 .2

{ CO } Z-factor
1.00

T (°C ) =

800

T (K ) =

{ C 0 2 } Z-factor
1.00

{

H20

1073
} Z-factor
1.00

{

H2> Z-factor
1.00

T C(K )=

126

T C( K ) =

133

Tc (K ) =

304

Tc (K ) =

647

T c (K )=

33

P c (a t m ) =

34

P c (a tm ) =

35

P c (a tm ) =

73

P c (a t m ) =

218

P c (a tm )=

13

Tr=

8 .5

P ,=

0 .3 0

T r=

8 .1

P ,=

0 .3 0

T ,=

3 .5

P r=

0 .1 4

Tr=

1 .7

P ,=

0 .0 5

T ,=

3 2 .2

P ,=

0 .8 0
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Table E3. Z-Factor’s of the TRDU Vgases
at 135 psig and 500°C
.... ______ ______ j ------ *
P ( p s lg ) =
{

135

P (a tm )a b s =

N2 } Z-factor
1.00

1 0 .2

{ C O } Z-factor
1.00

T C(K )=

126

Tc (K )=

133

P c (a tm ) =

34

P c (a tm ) =

35

T ,=

6 .1

P ,=

0 .3 0

T r=

5 .8

P ,=

0 .3 0

T (°C )»
{

T (K ) =

500

C 0 2 } Z-factor
1.00

T c (K )=
P c (a tm ) =
T ,=

2 .5

{

H20

773

Z-factor
0.98

{

}

H2 } Z-factor
1.00

304

T c (K )=

647

Tc (K ) =

33

73

P c (a t m ) =

218

P c (a tm )=

13

P ,=

0 .1 4

T ,=

1 .2

P ,=

0 .0 5

T ,=

2 3 .2

P ,=

0 .8 0

Table F4. Z-Factor’s of the TRDU gases at 135 psig and 1000°C
P (p slg )»

135

{ N2} Z-factor
1.00
T C(K )=

126

P c (a tm ) =

34

T ,=

1 0 .1

= 1 0 .2 T(°C ) = 1000
{ CO } Z-factor { C 0 2} Z-factor
1.00
1.00
T c (K )=
304
T C(K )=
133
P (a tr n )a b s

P ,=

0 .3 0

P c (a tm ) =
T,

=

9 .6

35
P ,=

0 .3 0

P c (a tm ) =
Tr=

4 .2

73
P ,=

0 .1 4

T (K ) =
1273
{ H20 } Z-factor
1.00
T c (K )=
647
P c (a t m ) =
T,

=

2 .0

218

P ,=

0.05

{ H2} Z-factor
1.00
Tc (K )=
33
P c (a tm )=
T, -

3 8 .2

13
P ,=

0 .8 0

Table E5. Z-Factor’s of the TRDU gases at 50 psig and 700°C
P (p s lg )=

50

{ N2} Z-factor
1.00
T c (K )=

126

P c (a tm ) =
T r=

7 .7

= 4 .4
{ CO } Z-factor
1.00
T c (K )=
133
P ( a t m ) ab5

34
P r=

0 .1 3

Pc (a tm )Tr=

7 .3

35
Pr=

0 .1 3

T (°C )-

700

{ C 0 2 } Z-factor
1.00
T c (K )=
304
P c (a tm ) =

T ,=

3 .2

73
Pr

=
973
{ H20 } Z-factor
1.00
Tc (K ) =
647
T (K )

— 0 .0 6

P c (a t m ) =
T ,=

1 .5

218
P ,=

0 .0 2

{ H2} Z-factor
1.00
T c (K )=
33
P c (a tm )=
T r=

2 9 .2

13
P ,=

0 .3 4

Table E6. Z-Factor’s of the TRDU gases at 200 psig and 700°C
P (p s lg )*

200

= 1 4 .6 T (’ C ) » 700
{ CO } Z-factor { C 0 2} Z-factor
P ( a t m ) 3bs

{ N2} Z-factor
T C(K )=

126

P c ( a tm ) =

34

T,

=

7 .7

1 .0 0

1 .0 0

1 .0 0

P r=

0 .4 4

Tc (K )

=

133

P c (a tm ) =
T r=

7 .3

35
P ,=

0 .4 2

Tc (K )

=

304

P c (a tm ) =
T r=

3 .2

73
P ,=

0 .2 0

T (K ) =

973

{ H20 >Z-factor
0.99
Tc (K ) =
647
P c ( a tm ) =
T ,=

1 .5

218

P ,=

0 .0 7

{ H2} Z-factor
1 .0 0
Tc (K )

=

33

P c (a tm )=
T,

=

2 9 .2

13
P ,=

1 .1 4

APPENDIX F
FUSION AND KINETIC LIMITATIONS IN A TGA EXPERIMENT
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“Diffusion is the spontaneous intermingling or mixing of atoms or molecules by
random thermal motion. In the absence of other gradients (such as temperature, electric
potential, or gravitational potential) molecules of a given species within a single phase
will always diffuse from regions of higher concentrations to regions of lower
concentrations”.15
At low temperatures areaction is kinetic limiting. This means that the speed of
the reaction is much slower than the diffusion of steam to the carbon in the coal
(Figure FI). When steam-gasification is kinetic limiting the reaction rate depends solely
on the chemical kinetics of the reaction of carbon with steam.
At high temperatures a reaction is diffusion limiting. This means that the speed of
the

reaction is much quicker than the diffusion of steam to the carbon in the coal

(Figure FI).

When steam-gasification is diffusion limiting the reaction rate solely

depends on the speed of the diffusion of steam to the carbon in the coal.
In the TGA the reacting gas passes over a stationary coal sample. In the TRDU
the reacting gas passes over each individual coal particle. If the reaction is diffusion
limiting then the TGA data would not accurately model steam-gasification in the TRDU.
If the reaction is in fact diffusion limiting, then the TGA data will result in a conservative
estimate for the temperature range of study. Meaning, the amount of steam-gasification
occurring in the TRDU will be more than the amount determined by the TGA data.
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Stagnant
Diffusion
Boundary

Microscopic View of Diffusion of H;Q. CO. and H; through a coal particle.

Coal Particle
diameter 500 urn

0 ^ 9 a i fli O
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the TRDU
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Diffusion of
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Diffusion o f
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H20 to the coal
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Macroscopic View of Diffusion of H;Q. CO. and H7through the Stagnant Diffusion Doundarv in a TGA Experiment.

Figure FI. Diffusion ofH20, CO, and H 2 in the TGA and TRDU
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Figure 5.3 is repeated as Figure F2 for convenience. Figure F2 shows the TGA
data obtained for three coals with very different kinetics. Because there is a difference
between the three curves, this shows that TGA data can give accurate results if the
reaction is kinetic limiting. If the TGA data were the same for the three coals then the
TGA stagnant diffusion boundary would cause the data to be identical (Figure F2).

Figure F2. Fraction of Carbon Steam-Gasified in Three Different Coals per Minute
These are curve fits of TGA data at 20% steam concentration and 1 atmosphere obtained from Ron Timpe (EERC) and the
Chemistry of Coal Utilization, 2nd Supplementary Vol, 1981.20
The y-axis determines the fraction of carbon gasified in a coal particle per minute at a specified temperature, {y-axis = 1 - exp( kl)}
The rate law is first order in carbon remaining, and there is no dependency on steam. The three extrapolations are derived from
a linear trend of k versus 1/T[K]. {k=Aexp<'E/RT))
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